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	   The Glanville fritillary butterfly is named after 

Lady Eleanor Glanville (c. 1654–1709), 
one of the earliest female entomologists in 17th-century England.

People said about Lady Glanville: 
“None but those who are deprived of their senses, would go in                                 

pursuit of butterflies.” 

To this she responded: 
“They say I'm mad and perhaps it's true. But upon my oath, I never meant any harm. 

All I wanted was to be happy, and for my life to count for something.  
That is not madness, is it?”
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ABSTRACT

Loss and fragmentation of natural habitats and 
changing climate pose severe threats to biodiversity. 
The ability of populations and species to respond to 
these challenges by dispersing across landscapes is 
imperative for their long-term survival. Dispersal is 
also the main mechanism leading to gene flow, and 
dispersal is therefore essential for maintaining genetic 
diversity and adaptive potential of populations.

In this thesis, I build upon the vast knowledge gained 
during more than two decades of research on the 
Glanville fritillary butterfly (Melitaea cinxia), aiming 
towards a better understanding of the mechanisms 
and processes that shape dispersal in this model 
species. Previous studies have demonstrated a strong 
positive correlation between flight metabolic rate 
(FMR) and dispersal distances in the field. Here, I 
use FMR as a measure of flight and dispersal capacity. 
I study dispersal from multiple perspectives and use 
a variety of methods to address questions ranging 
from the genetic basis and heritability of flight 
capacity to interactions between genes, physiology 
and environment in affecting flight and dispersal. 
Variation in dispersal capacity and how it influences 
population and metapopulation-level processes 
are examined. Finally, I use a “natural experiment” 
to study the genetic and fitness consequences of 
complete lack of gene flow into a small isolated 
island population of the Glanville fritillary. 

Key findings of the thesis include the demonstration 
of significant heritable genetic variation in FMR, 
indicating that FMR and therefore dispersal capacity 
has the potential to respond to selection due to 
e.g. habitat fragmentation and climate change. In 
a genome-wide gene expression study, 755 genes 

ABSTRACT

were significantly up- or down-regulated in response 
to an experimental flight treatment. Differences 
between sexes and two contrasting populations in 
flight-induced gene expression in major metabolic 
pathways were associated with differences in FMR, 
suggesting that similar molecular mechanisms 
influence both gender and population differences 
in flight performance. An experiment examining 
changes in butterfly body temperature during flight 
showed that FMR and tolerance of high temperatures 
may significantly influence flight performance in 
different thermal environments. 

At the metapopulation level, male and female 
butterflies differed in the effects of flight capacity 
on realized dispersal rate between local populations, 
with likely consequences for the assortment of 
dispersive genotypes across fragmented landscapes. 
The small and completely isolated island population 
of the Glanville fritillary exhibited significant loss of 
genetic diversity and substantially reduced fitness. 
Complete and instant fitness recovery in hybrids 
strongly suggests that reduced population viability 
is due to high genetic load. This small isolated 
population serves as an example of the innumerable 
remnant populations in human-fragmented 
landscapes, in which extinction risk may increase 
due to lack of gene flow. 

This work contributes to the mechanistic 
understanding of dispersal (and its importance) in 
fragmented and isolated populations and in changing 
environmental conditions in the Glanville fritillary 
butterfly. Many findings of this thesis are also likely 
to be applicable to other similar species, particularly 
those living in fragmented landscapes.
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TIIVISTELMä

TIIVISTELMÄ

Luonnon elinympäristöjen häviäminen ja 
pirstoutuminen sekä muuttuva ilmasto ovat yhä 
enenevissä määrin uhka maapallon luonnon 
monimuotoisudelle. Eliökantojen ja lajien kyky 
ja mahdollisuus liikkua elinalueelta toiselle on 
välttämätön edellytys niiden pitkäaikaiselle 
selviytymiselle. Yksilöiden liikkuminen eliö-
kantojen välillä mahdollistaa geenivirran, mikä 
on välttämätöntä populaatioiden geneettisen 
monimuotoisuuden ja niiden sopeutumiskyvyn 
säilymiselle.

Tässä väitöskirjassa tarkastellaan täpläverkko-
perhosen (Melitaea cinxia) liikkumista ja 
lentokykyyn vaikuttavia tekijöitä. Tutkimus perustuu 
siihen laajaan tietämykseen, joka on kertynyt 
tämän ekologisen tutkimuksen ”mallilajiksi” 
muotoutuneen perhoslajin biologiasta yli kahden 
vuosikymmenen aikana.  Aiemmat tutkimukset ovat 
osoittaneet, että perhosen lentoaineenvaihdunnan 
nopeus on vahvasti yhteydessä perhosten maastossa 
liikkumiin matkoihin. Käytän tässä tutkimuksessa 
lentoaineenvaihdunnan nopeutta perhosten lento- 
ja liikkumiskyvyn mittana. Perhosten liikkumista 
ja lentokykyä tutkitaan useasta eri näkökulmasta 
monilla eri menetelmillä. Tutkimusten tarkoituksena 
on selvittää liikkumisen perinnöllistä taustaa, 
liikkumiseen vaikuttavia geenejä sekä fysiologisia ja 
ympäristöstä johtuvia tekijöitä. Liikkumisen syy- ja 
seuraussuhteita tutkitaan myös täpläverkkoperhosen 
luonnonpopulaatioissa, sekä pirstoutuneessa elin-
ympäristöverkostossa että täysin eristyneessä 
pienessä saaripopulaatiossa.

Tulokset osoittivat, että lentoaineenvaihdunnan 
nopeus periytyy sukupolvelta toiselle. Luonnon 
valinta voi siten muokata tätä ominaisuutta 
sellaiseen suuntaan, joka lisää yksilöiden 
kelpoisuutta muuttuneissa ympäristöolosuhteissa 
esimerkiksi elinympäristön pirstoutumisen tai 
ilmastonmuutoksen seurauksena. Hyönteisten 

lento kuluttaa erityisen paljon energiaa, ja tulokset 
osoittivat, että 755 geenin ilmentyminen muuttui 
merkitsevästi 15 minuutin aktiivisen lennon 
seurauksena. Solujen tärkeisiin aineenvaihdunta- 
ja stressivastetoimintoihin liittyvien geenien 
aktiivisuus lennon jälkeen oli yhteydessä 
lentoaineenvaihdunnan nopeuteen, mikä viittaa 
näiden toimintojen merkitykseen lentosuorituksen 
mahdollistavina ja sitä mahdollisesti rajoittavina 
tekijöinä. Perhosten lentoaineenvaihdunnan 
nopeuden ja korkeiden lämpötilojen kestokyvyn 
osoitettiin vaikuttavan lentokykyyn vaihtelevissa 
ympäristöoloissa. Lentokykyyn vaikuttavien 
tekijöiden ja lennon mekanismien parempi 
ymmärtäminen voi auttaa ennustamaan muuttuvien 
ympäristöolosuhteiden vaikutuksia perhosten ja 
muiden samankaltaisten lajien liikkumiskykyyn ja 
siten niiden populaatioiden menestymiseen.

Yksilöiden väliset erot lentokyvyssä vaikuttivat 
päinvastaisella tavalla koiraiden ja naaraiden liikkeisiin 
pirstoutuneessa elinympäristössä: naaraat joilla oli 
hyvä lentokyky liikkuivat enemmän populaatioiden 
välillä, kun taas lentokyvyltään parhaat koiraat jäivät 
todennäköisimmin syntymäkedolleen. Sukupuolten 
väliset erot johtunevat hyvän lentokyvyn erilaisista 
vaikutuksista koiraiden ja naaraiden kelpoisuuteen, 
mutta näillä eroilla on myös vaikutusta 
lentokyvyltään erilaisten yksilöiden jakautumiseen 
populaatioverkoston alueella. Pitkään täysin 
eristyksissä olleessa perhospopulaatiossa perimä 
oli köyhtynyt ja perhosten kelpoisuus merkittävästi 
alentunut, mikä korostaa populaatioiden välisten 
liikkeiden ja geenivirran merkitystä populaatioiden 
elinvoimaisuudelle. Tutkittu saaripopulaatio 
toimii esimerkkinä sellaisesta kasvaneesta 
sukupuuttoriskistä, joka uhkaa mitä luultavimmin 
lukemattomia maankäytössä tapahtuneiden 
muutosten seurauksena täysin eristyksiin jääneitä 
pieniä populaatioita.
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SUMMARY

Anniina L. K. Mattila

Metapopulation Research Group, Department of Biosciences, PO Box 65 (Viikinkaari 1), 
00014 University of Helsinki, Finland

1. INTRODUCTION

1.1. DISPERSAL AND ITS KEY ROLE FOR THE 
PERSISTENCE OF NATURAL POPULATIONS IN 
THE FACE OF HABITAT FRAGMENTATION AND 
CLIMATE CHANGE

The rapid loss and fragmentation of natural 
habitats due to human actions is the main cause of 
biodiversity loss and species extinctions (Baillie et 
al. 2004; IUCN 2014). At the same time, natural 
populations are threatened by changing climate 
(Parmesan 2006), with global mean temperatures 
expected to increase by as much as 6°C by the end 
of the 21st century and extreme weather events 
becoming more common (IPCC 2007). The ability 
of species and populations to respond to these rapid 
and major environmental changes by dispersing 
across landscapes is imperative for their survival 
(Hanski 1999; Ronce 2007; Clobert et al. 2012). 
Therefore, developing a better understanding of 
the causes, consequences and mechanisms of 
dispersal has become a key issue in population and 
conservation biology (Clobert et al. 2012).

What is dispersal? 

Dispersal plays a major role in individual life 
histories, population dynamics, and in affecting 
species’ ranges (Clobert et al. 2012). From the 
viewpoint of an individual, the multiple functions of 
dispersal include escaping unfavorable conditions, 
avoiding inbreeding and kin competition and 
distributing offspring over different geographical 
locations and conditions (Matthysen 2012). 
Importantly, at the population level, dispersal is 
the main mechanism leading to gene flow among 
populations. The term dispersal is often used 

differently in different contexts. Generally it can 
be distinguished from movements within a habitat 
by the outcome of displacing the individual away 
from an existing (natal) population (Clobert et al. 
2012). Consequently, the dispersing individual will 
potentially reproduce at a different location than 
its mother. In short, dispersal means permanently 
leaving a local environment and settling in another 
environment, following movement across a more 
or less unfavourable habitat, often called the matrix. 
Dispersal can be active or passive, and it is a common 
phenomenon across all domains of life. Dispersal is 
often confused with migration, which is defined as 
(often two-way) seasonal or periodic movements of 
animals (Webster et al. 2002). Familiar examples of 
migration are the seasonal migrations of many bird 
species and the striking long-distance migrations 
of the Monarch butterfly. Patterns of migration are 
generally influenced by different processes than 
those of dispersal, and will not be discussed here. 

Dispersal is a complex behaviour, influenced 
by genetic, morphological, physiological 
and behavioural factors, in concert with the 
environmental context (Clobert et al. 2012). Each 
of the different stages of dispersal (departure, transit 
and settlement) can be influenced by different 
processes and entail different costs (Bonte et 
al. 2012). In many cases, the ability or capacity 
of an individual to disperse can be expected to 
relate to its overall movement capacity (implying 
e.g. morphological or physiological properties 
affecting the ability to move) or propensity to move 
(implying the tendency or likelihood of movement, 
relating to e.g. other behavioural traits). Recently, a 
conceptual framework to integrate movement and 
dispersal has been developed (Nathan et al. 2008). 
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According to this framework, to fully understand 
the causes, mechanisms and spatiotemporal patterns 
of organismal movement and dispersal, as well as 
their role in ecological and evolutionary processes, 
dissecting dispersal into its components and 
investigating movement at different spatial scales is 
a useful approach (Nathan et al. 2008). To achieve 
this, it is important to gain knowledge on different 
mechanistic components of movement, including 
the internal state (motivation to move), movement 
capacity, navigational ability (when and where 
to move) as well as the external factors affecting 
movement.

The importance of dispersal in fragmented 
populations and the consequences of population 
isolation

The distributions of species and populations are 
rarely continuous, but more often they are to some 
extent spatially fragmented. Due to the rapid loss 
and degradation of natural habitats, populations 
are becoming increasingly fragmented, and severely 
fragmented populations are becoming more 
common. Although individual habitat fragments 
may be too small to support viable local populations, 
a network of such populations may persist in a 
dynamic balance between local extinctions and 
recolonizations, i.e. as a metapopulation (Levins 
1969; Hanski 1999). The metapopulation theory 
has been widely applied to species living in 
fragmented habitats (Hanski 1999). As dispersal 
is the factor connecting the local populations in a 
metapopulation, sufficient dispersal is necessary for 
population viability in highly fragmented habitats 
(Hanski 1999; Ronce 2007). This makes dispersal 
an especially critical life-history trait for species 
inhabiting such habitats (Hanski 1999; Clobert et al. 
2012).

The importance of dispersal is highlighted further 
in the extreme, but ever more frequent scenario 
of a small population left stranded on an isolated 
remnant habitat fragment with no opportunity 
for dispersal, and therefore no gene flow, between 
conspecific populations. In principle, population 
isolation can facilitate adaptation to local conditions 
because of the lack of disruptive gene flow (Slatkin 
1985; Edmands 2007; Lopez et al. 2009). However, 

in the case of very small populations, it is more likely 
that such a population will be faced with challenges 
rather than rapid local adaptation. Demographic and 
environmental stochasticities increase the extinction 
risk of small and isolated populations, and the 
viability of such populations is further compromised 
by genetic processes. Prior to the 1970s, genetic 
factors were rarely mentioned as causes of extinction, 
but in the last couple of decades the role of genetic 
factors in extinction has been much discussed, and 
numerous theoretical and experimental studies have 
examined genetic threats to population persistence 
(Frankham 2005; Allendorf et al. 2013). Empirical 
studies of small and isolated natural populations 
give valuable information about whether theoretical 
expectations hold in nature, and which forces 
dominate in determining population viability and 
extinction probability of threatened populations. 

Today, the generally accepted consensus is that 
although the demographic and environmental factors 
often dominate, the role of genetic deterioration in 
increasing the risk of extinction can be substantial 
(Spielman et al. 2004; Frankham 2005; Allendorf et 
al. 2013). Genetic factors are especially important 
in the case of extremely or completely isolated 
populations, because even a minimal amount of gene 
flow can greatly reduce the loss of genetic variation 
and hence make a difference for the long-term 
viability of populations. The introduction of only one 
or a few individuals into a small isolated population 
can be enough to result in “genetic rescue” at the 
population level (Spielman and Frankham 1992; 
Lopez et al. 2009). Such events have occurred and 
have been demonstrated in wild populations, e.g. in 
the greater prairie chicken (Westemeier et al. 1998), 
adders (Madsen et al. 1999; Madsen et al. 2004), 
gray wolf (Vila et al. 2003), deer mice (Schwartz and 
Mills 2005), Mexican wolves and Florida panthers 
(Hedrick and Fredrickson 2010), and plants (Silene 
alba; (Richards 2000).

There are different types of genetic threats to small 
and isolated populations: immediate inbreeding 
depression, the loss of adaptive genetic variation, 
and the fixation of deleterious mutations by genetic 
drift, causing mutation accumulation, high genetic 
load and even mutational meltdown (Lande 1994; 
Gaggiotti 2003; Frankham 2005). Inbreeding 
depression is most commonly caused by a load of 
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recessive deleterious alleles that segregate within 
a population and lead to fitness reduction when 
brought into homozygous state by inbreeding 
(mating among relatives) (Lynch and Walsh 1998a; 
Charlesworth and Charlesworth 1999; Keller and 
Waller 2002). Inbreeding typically causes reduced 
reproductive performance and survival in naturally 
outbreeding species (Keller and Waller 2002), and 
it can even cause the extinction of wild populations 
(Saccheri et al. 1998; Crnokrak and Roff 1999; 
Bijlsma et al. 2000; O’Grady et al. 2006). On the 
other hand, inbreeding exposes recessive highly 
deleterious and lethal mutations to selection, which 
may lead to them being purged from the population, 
thereby increasing population fitness (Byers and 
Waller 1999; Keller and Waller 2002). The purging 
process may at first appear a promising prospect for 
threatened populations. However, the efficiency and 
extent of purging depends strongly on the effective 
size of the population, becoming increasingly 
inefficient with decreasing population size (Keller 
and Waller 2002). Additionally, many genetic factors 
(e.g. the selective and dominance effects of the 
genetic variants) are likely to limit the efficiency of 
purging in natural populations (Wang et al. 1999; 
DeRose and Roff 1999; Wang 2000; Boakes et al. 
2007). Because inbreeding depression is expressed 
already in the first inbred generation, it poses the 
most immediate genetic risk to small populations 
(Keller and Waller 2002).

In large populations, deleterious alleles are kept at 
low frequencies by selection. In small populations, 
on the other hand, chance effects (genetic drift) 
increasingly overwhelm selection. This is because 
the relative strengths of selection and random 
genetic drift are functions of population size. If there 
is no gene flow to the population to counteract the 
effects of genetic drift, some deleterious alleles of 
small effect will be lost while others become fixed, 
increasing fixation load and reducing fitness at the 
population level (Poon and Otto 2000; Whitlock 
et al. 2000; Frankham 2005). If mutational load in 
the ancestral population was high, small isolated 
populations can experience considerable fixation 
load even in the short term. Furthermore, if 
population size remains small and gene flow from 
outside is limited or nonexistent, new mutations 
of small effect may accumulate. Population fitness 
is cumulatively reduced by the resulting fixation 

load, which will ultimately reduce population size 
and further accelerate genetic drift. This negative 
feedback process, termed mutational meltdown, 
occurs at an accelerating rate and reduces 
population fitness and genetic variability in an 
irreversible way. Fitness decline due to mutation 
accumulation in small populations has been 
repeatedly demonstrated with models and observed 
in laboratory populations of model species, e.g. E. 
coli (Kibota and Lynch 1996), D. melanogaster (Fry 
et al. 1999), C. elegans (Vassilieva and Lynch 1999) 
and A. thaliana (Shaw et al. 2000). The ultimate 
consequence of accumulation of genetic load may 
be population extinction (Lande 1994; Lynch et 
al. 1995a; Lynch et al. 1995b) or even extinction 
of an entire metapopulation (Higgins and Lynch 
2001). The likelihood of extinction due to mutation 
accumulation and mutational meltdown in natural 
populations is however debated (Charlesworth et al. 
1993; Gilligan et al. 1997; Frankham 2005). This is 
because extinction due to mutation accumulation 
seems to require a high mutation rate producing 
mutations of small effect, very small population 
size and many generations (Zeyl et al. 2001; Garcia-
Dorado 2003; Glemin et al. 2003). As genetic drift 
is a random process, independent populations are 
likely to differ in terms of which particular alleles have 
drifted to fixation. Therefore, crossing individuals 
from such independent populations is expected to 
mask the deleterious effects of recessive alleles and 
to increase fitness of the hybrid offspring, which is 
called heterosis (also referred to as hybrid vigor) 
(Whitlock et al. 2000). This is also the mechanism 
underpinning genetic rescue following gene flow to 
an isolated population.

Genetic drift, in addition to leading to the 
accumulation of slightly deleterious mutations, is 
at the same time the main mechanism reducing 
genetic variability in small and isolated populations 
(Frankham 2005; Fauvergue et al. 2012). Genetic 
variation can be lost rapidly, especially in completely 
isolated small populations. Loss of genetic variation 
can affect populations adversely in two ways: by 
decreasing their fitness and by decreasing their 
adaptive potential due to shortage of material for 
natural selection (Amos and Balmford 2001). 
Sufficient genetic diversity is imperative for the 
capacity of species to evolve in response to changing 
conditions, e.g. changes in climatic conditions and 
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habitat (Le Galliard et al. 2012). This is especially 
true for species that show specialization to particular 
habitats (Buckley et al. 2012). For this reason, IUCN 
has designated genetic variation as one of the three 
levels of biodiversity requiring conservation (IUCN 
1980). Genetic diversity in small populations is 
best preserved by sufficient dispersal among other 
conspecific populations. 

Climate change and dispersal

In addition to the key role of dispersal for the 
persistence of small or fragmented populations, 
dispersal allows species to shift their ranges 
in changing environments, e.g. due to climate 
change (Berg et al. 2010). Under changing 
climatic conditions, the persistence of a species is 
mediated by the interplay between dispersal and 
local adaptive responses. In practice, a species 
may respond to warming climate by shifting its 
range through dispersal, adapting to changed 
conditions or by going extinct (Travis and Dytham 
2012; Le Galliard et al. 2012). The distributions 
of many species have indeed been shown to be 
shifting towards the poles and higher altitudes (e.g. 
Parmesan et al. 1999; Wilson et al. 2005; Parmesan 
2006), although generally the range adjustments 
lag behind climate change (Menendez et al. 2006). 
The spatial configuration of the available habitat 
and the ecological interactions between species may 
significantly affect the ability of species to track the 
suitable climate zone. In butterflies and many other 
insects, the evolution of herbivore-host relationships 
are expected to significantly influence possible range 
shifts, but contrary to previous understanding, 
species may not necessarily evolve towards being 
more generalist, but range shifts may also occur as 
dispersive specialists selectively spread into new 
regions (Bridle et al. 2014). In any case, dispersal 
ability is expected to have a major role in influencing 
the ability to respond to changing climate (Van Dyck 
2012). 

Dispersal rate can be subject to strong selection at 
shifting range margins, usually favoring increased 
dispersal rate, which can accelerate range shifting 
(Thomas et al. 2001; Travis and Dytham 2002; 
Brooker et al. 2007; Le Galliard et al. 2012; Travis 
and Dytham 2012). Evolutionary changes in 

dispersal traits at shifting range margins have been 
observed in many species (e.g. Hill et al. 1999; 
Simmons and Thomas 2004; Mitikka and Hanski 
2010). Populations at range margins highlight a 
paradox in relation to gene flow and dispersal: 
gene flow may swamp local adaptation in adjacent 
populations, whereas a lack of it may prevent local 
adaptation because of reduced genetic variability 
and by preventing the spread and establishment of 
beneficial alleles (Bridle and Vines 2007).

Climatic conditions may also directly affect dispersal 
capacity, especially in ectothermic organisms in 
which body temperature is mostly governed by 
ambient temperature rather than metabolism. For 
instance, flight activity in butterflies and many other 
insects is strongly affected by thermoregulation (Box 
1; Watt 1968; Heinrich 1993; Wickman 2009). Such 
temperature-dependent movement behavior may 
have significant consequences for climate-induced 
range shifts (Battisti et al. 2006). The influence of 
temperature on movements and dispersal may also 
vary within species and populations (Ovaskainen et 
al. 2008; Niitepõld et al. 2009; Niitepõld 2010), and 
climatic conditions may thus affect which dispersal 
phenotypes within populations are favoured. 

1.2. EVOLUTION OF MOVEMENT AND 
DISPERSAL

Due to the pivotal role of dispersal in many 
population processes and in the resilience of species 
and populations against challenges posed by e.g. 
habitat fragmentation and climate change, it is of 
interest to ask how likely dispersal is to evolve to 
match new conditions? For dispersal to evolve, the 
prerequisites for evolution by natural selection have 
to be fulfilled. In addition to selective forces acting on 
dispersal, there has to be sufficient variation among 
individuals in dispersal-related traits. Moreover, to 
pass the favoured traits to the next generations, this 
variation has to be heritable. Here, I discuss within-
species and within-population variation in dispersal 
capacity, and what is known about the genetic basis 
and heritability of dispersal-related traits. I also 
discuss the evolution of dispersal, paying special 
attention to fragmented and isolated populations.
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Individual variation in dispersal capacity

Individual variation in dispersal can mostly be 
attributed to variation in the morphological, 
physiological and behavioural traits that affect 
individual movement capacity or propensity. 
Examples include body size, energy reserves, 
morphology of locomotory appendages, sensory 
and cognitive abilities, and metabolic rate 
(Matthysen 2012; Wheat 2012). Within-species 
and within-population variation in movement and 
dispersal capacity has been quite widely studied. 
Flight performance in butterflies and other insects is 
one example (Box 1). In some organisms, there are 
distinctive dispersive morphs, of which probably the 
most well-known is the case of wing-polymorphism 
in many insect species (Roff and Fairbairn 1991). 
Dispersing individuals may also exhibit specialised 
behaviours (Van Dyck and Baguette 2005), such as 
aerial “ballooning” in spiders (Bonte et al. 2009), 
or be of certain “personality”, such as particularly 
exploratory birds (Dingemanse 2003). 

Because dispersal behaviour is energetically very 
costly, trade-offs associated with dispersal are 
expected to be common (Bonte et al. 2012). Wing-
dimorphism highlights a typical dispersal-associated 
trade-off caused by allocation of limited resources 
to either locomotory structures or reproductive 
investment (Roff and Fairbairn 2007b; Nespolo et al. 
2008). However, trade-offs are not always apparent, 
as suggested by the existence of innate behavioural 
dispersal syndromes, in which dispersal behaviour 
shows strong phenotypic correlation with other 
life-history traits (Ronce and Clobert 2012). A 
characteristic of such dispersal syndromes is that 
they are often context-specific, i.e. highly influenced 
by the environmental conditions. An example of 
a dispersal syndrome is the “colonizer syndrome”, 
where the more dispersive individuals can also be 
the most fecund (Bonte and Saastamoinen 2012). 

The genetic basis and heritability of dispersal capacity

To a large extent, traits affecting dispersal capacity 
are genetically determined (Ronce 2007; Matthysen 
2012; Zera and Brisson 2012). The genetic basis 
of variation in dispersal provides important 
information about the physiological mechanisms 

involved, shedding light on the nature of dispersal 
adaptations. Indeed, physiological aspects of 
movement and dispersal have been a major focus 
of recent in-depth studies on dispersal genetics 
(Zera and Brisson 2012; Wheat 2012). The genetic 
basis of migratory behaviour has also received 
considerable attention (Liedvogel et al. 2011). The 
rapid advance of molecular tools, especially the 
increasing applicability of next-generation genomics 
techniques to non-model species and natural 
populations (Ellegren and Sheldon 2008), has had 
a great impact on dispersal studies. Knowledge 
is accumulating on the associations of dispersal 
phenotypes with genotypes at candidate gene loci 
and with patterns of gene expression. 

Some examples of transcriptomic studies on dispersal-
related traits include studies investigating gene 
expression differences in winged and unwinged pea 
aphids (Acyrthosiphon pisum; (Brisson et al. 2007), 
in horses before and after exercise (Park et al. 2012) 
and in butterfly populations with dissimilar average 
dispersal capacity (Wheat et al. 2011, Section 1.3). 
Candidate genes with major effects on dispersal have 
been discovered in several study systems, confirming 
that single gene effects can contribute significantly 
to population-level heterogeneity in dispersal. One 
such gene is the foraging (for) gene in Drosophila fruit 
flies, which explains a large part of the bimodality in 
the distribution of the larval propensity to move in 
the presence of food (rovers vs. sitters; Sokolowski 
2001; Edelsparre et al. 2014). The expression level 
of the for gene has also been shown to associate 
with exploratory and colonizing behaviour in pea 
aphids (Tares et al. 2013). In birds (Parus major), 
there is evidence for a connection between sequence 
variation in a dopamine-receptor gene (Drd4) and 
exploratory/dispersive behaviour (Fidler et al. 
2007). Allelic variation in the genes encoding the 
glycolytic enzyme phosphoglucose isomerase (Pgi; 
Haag et al. 2005; Niitepõld et al. 2009) and another 
metabolic enzyme related to the cellular response to 
hypoxia, succinate dehydrogenase (Sdhd; (Marden 
et al. 2013), are associated with flight metabolic 
rate in the Glanville fritillary butterfly (Melitaea 
cinxia), and variation in these genes explains a large 
proportion of variation in dispersal rate in the field 
(Niitepõld et al. 2009, Box 1, Section 1.3). 
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BOX 1. BUTTERFLY FLIGHT – CAUSES OF VARIATION AND PROXIES FOR DISPERSAL CAPACITY

Butterflies are dependent on flight for most activities during their adult life, including foraging, 
escaping predation, mate location, searching for host plants and dispersal (Kingsolver 1983; 
Saastamoinen and Hanski 2008; Niitepõld et al. 2009; Gibbs 2010). However, insect flight is one of 
the most demanding and costly activities in the animal kingdom (Dudley 2000; Suarez 2000). Here, 
I summarize the major causes of the considerable inter- and intra-specific variation found in butterfly 
flight and dispersal capacity.

Genetics and physiology

Thoracic muscles of flying insects exhibit the highest rates of metabolism known for any locomotor 
tissue (Dudley 2000; Suarez 2000), being even several hundred times higher that metabolism at rest 
(Kammer and Heinrich 1978). Insect flight muscles are primarily aerobic (Dudley 2000) and rely 
heavily on tricarboxylic acid cycle (TCA) for energy production. In the Glanville fritillary butterfly, 
flight metabolic rate has been shown to explain a large proportion of the variation in dispersal rate 
in the field (Niitepõld et al. 2009, Section 1.3). Genotype in the phosphoglucose isomerase (Pgi) 
locus, with an important role in energy metabolism (glycolysis), is associated with flight metabolism 
and flight performance in several butterfly species (Watt et al. 1983; Hughes and Zalucki 1993; Watt 
et al. 2003; Niitepõld et al. 2009; Mitikka and Hanski 2010). Allelic variation or gene expression 
differences at metabolic genes may influence the availability and use of fuels during flight. For 
instance, changes in metabolism increase fat stores used for flight during the long-distance migration 
of Monarch butterflies (Zhan 2011). The high rate of flight metabolism may also be limited by 
oxygen conductance to flight muscles, highlighting the potential importance of the cellular response 
to hypoxia for variation in flight performance (Harrison 1998; Zhou et al. 2008; Marden et al. 2013). 

Morphology

Many morphological features are considered to be associated with butterfly flight and dispersal 
capacity. Body size and flight muscle investment (relative thorax mass) are expected to be positively 
correlated with flight performance (Berwaerts et al. 2002; Almbro and Kullberg 2008; Berwaerts et 
al. 2008), and have been used as proxies of dispersal capacity (e.g. Hill et al. 1999). Wing loading, 
i.e. body mass relative to wing surface area, influences flight performance in many butterflies (e.g. 
Almbro and Kullberg 2012), but may have differential effects for the speed and sustainability of flight 
(Berwaerts et al. 2002). Wing aspect ratio is a measure of wing shape, with high aspect ratio typically 
associated with fast flight (Berwaerts et al. 2002). Color and melanisation may influence flight 
especially through solar absorptivity and, thus, the dynamics of body temperature (Kingsolver and 
Watt 1984; Van Dyck and Matthysen 1998; Davis et al. 2012). 

Thermoregulation

Flight in butterflies requires high muscle temperature (between 30-38°C in many species; Watt 
1968; Heinrich 1993; Wickman 2009). The body temperature of butterflies is mostly governed 
by ambient temperature and solar radiation rather than metabolism (i.e. they are ectothermic), 
which makes flight activity sensitive to variation in temperature. In addition to the effects of color 
and melanisation (see above), thermoregulation can be influenced by body size through its 
consequences for convective cooling and the heat generated by flight metabolism (Gilchrist 1990; 
Kemp and Krockenberger 2004). In small temperate butterflies, body temperature quickly decreases 
and approaches ambient temperature during flight (Shreeve 1984; Heinrich 1986b), forcing them to 
land and bask at regular intervals. On the other hand, larger species generate enough heat by flight 
metabolism to stabilize body temperature even in low ambient temperatures (Heinrich 1986a).
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Behavior, motivation and sex 
Variation in flight activity can also result from behavioural differences, e.g. due to differential 
motivation to fly. For instance, the key functions of flight differ markedly in the two sexes. Females 
fly to locate a suitable place to lay their eggs (Kingsolver 1983), while for males, the primary 
function of flight is to locate mates and win matings (Scott 1974). Furthermore, male mate location 
strategy (´perchers´ vs. ´patrollers´; Scott 1974) has been linked to male flight performance. 
Successful territorial males are expected to perform short flight bouts but be able to accelerate fast 
(Berwaerts et al. 2002; Berwaerts et al. 2008).

The evolutionary response of species to changing 
selection pressures on dispersal can be a prerequisite 
for population survival in the face of habitat 
fragmentation and climate change. To assess 
whether, and how much, there is adaptive potential in 
dispersal-related traits, empirical studies are needed 
to describe the heritability of such traits (Zera and 
Brisson 2012). In fact, better knowledge about the 
heritability and genetic background of dispersal and 
movement behavior has been identified as one of 
the most pressing questions in ecology (Sutherland 
et al. 2013). Heritability (h2) describes the degree 
of resemblance between relatives, and in its narrow 
definition is an estimate of the relative contribution 
of additive genetic factors to the total phenotypic 
variance in a population (Lynch and Walsh 1998b). 
Additive genetic variance is the variation that is 
relevant for the response to selection and, therefore, 
for short-term evolutionary potential. There is some 
controversy and misconceptions about the value and 
applications of measures of heritability, e.g. because 
of its context-dependent nature (Visscher et al. 2008; 
Hansen et al. 2011). However, heritabilities of similar 
traits have often shown to be very similar across 
populations and even species, and it continues to be a 
key parameter for predicting the response to selection 
(Visscher et al. 2008). In wild animal populations, 
reliable estimates of heritability are difficult to 
obtain with traditional quantitative genetic methods 
(parent-offspring regression and ANOVA-based 
analyses of full-sib and half-sib families), because of 
the general requirement for controlled and balanced 
breeding designs, and the difficulty of controlling 
for environmental variance and covariance (Lynch 
and Walsh 1998b). Additionally, failing to account 
for covariance among relatives due to a common 
environment or a shared parent inflates the estimates 
of heritability. To date, detailed quantitative-genetic 
studies of dispersal-related traits have been carried 

out in only a few species (Zera and Brisson 2012). 
Recently, application of “animal models” (for more 
details, see Section 3.5), which represent a powerful 
statistical approach to investigating the quantitative 
genetics of complex traits, is starting to yield more 
reliable estimates of heritability for wild animal 
populations (Kruuk 2004; Wilson et al. 2010).

Evolution of dispersal in fragmented and isolated 
populations

Spatially heterogeneous habitats can have a significant 
influence on the evolution of dispersal-related traits, 
potentially leading to complex eco-evolutionary 
dynamics of dispersal (Hanski and Mononen 2011). 
The question of how habitat fragmentation may 
affect the evolution of dispersal has been addressed 
both with theoretical models and empirical studies 
(reviewed by Clobert et al. 2012). Theoretical studies 
indicate that the evolutionary response to habitat 
fragmentation is very difficult to predict, as both 
increased and reduced dispersal may be selected 
for. A common assumption is that the increasing 
cost of dispersal with increasing fragmentation 
(Bonte et al. 2012) selects for reduced dispersal 
(Travis and Dytham 1999). On the other hand, 
increased dispersal with increasing fragmentation 
may evolve because of the benefits of colonizing 
new, unoccupied habitat (Heino and Hanski 2001; 
Zheng et al. 2009; Hanski and Mononen 2011). 
Such benefits arise from e.g. avoidance of resource- 
and sib-competition and inbreeding. Inconsistent 
model predictions are likely to be explained by the 
differences in model assumptions about the cost 
of dispersal, temporal stability of populations and 
the availability of unoccupied habitat (Hanski and 
Mononen 2011). 
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The above-mentioned factors probably explain the 
dissimilar responses to fragmentation that have been 
reported by empirical studies. For instance, speckled 
wood butterflies (Pararge aegeria; Merckx et al. 2003; 
Bergerot et al. 2012) and bog fritillary butterflies 
(Proclossiana eunomia; Schtickzelle et al. 2006) from 
more fragmented landscapes were found to have 
reduced dispersal propensity compared to butterflies 
from more continuous habitats. However, the 
opposite is the case in populations of the Glanville 
fritillary butterfly (Section 1.3; Hanski 2004; 
Duplouy et al. 2013). In fragmented populations 
in nature, the evolution of dispersal can be further 
complicated by interactions between dispersal 
and other life-history traits (dispersal syndromes), 
which are also under selection due to fragmentation 
(Ronce and Clobert 2012).

In the case of completely isolated populations 
surrounded by inhospitable habitat (e.g. oceanic 
island or extremely isolated habitat patches), and 
thus a very low probability of successful dispersal, 
selection for reduced dispersal is expected to be 
strong (Carlquist 1966; Cody and Overton 1996; 
Ronce 2007). Population isolation can further 
facilitate the evolution of reduced dispersal because 
of lack of disruptive gene flow (Slatkin 1985; 
Edmands 2007; Lopez et al. 2009). Many bird and 
insect species inhabiting islands have, in fact, become 
flightless (Carlquist 1966; Roff 1990). On the other 
hand, small and isolated populations are likely to 
suffer from reduced genetic variation (see Section 
1.1), which can severely hinder adaptation (Amos 
and Balmford 2001; Frankham 2005; Swindell and 
Bouzat 2005). Insufficient genetic variation and the 
dominance of random genetic drift could impede the 
ability of such populations to respond to selection, 
including selection on dispersal.

1.3. THE GLANVILLE FRITILLARY BUTTERFLY 
– A MODEL FOR STUDYING DISPERSAL IN 
FRAGMENTED POPULATIONS

The Glanville fritillary butterfly (Melitaea cinxia) is 
an established ecological model species for the study 
of the consequences of habitat fragmentation and 
metapopulation dynamics (Hanski 1999; Ehrlich 
and Hanski 2004). In the Åland islands in Finland, 
the species has been closely monitored and studied 

since 1991 (Ojanen et al. 2013). This well-known 
study system has been used widely in studies of the 
ecology and evolution of dispersal in fragmented 
populations (Hanski 2012). With the availability of 
genomics resources, including the full transcriptome 
(Vera et al. 2008) and very soon the full genome 
(Ahola et al., unpublished), the Glanville fritillary is 
also on the way to becoming a model in ecological 
and evolutionary genomics studies (e.g. Wheat et al. 
2011; Kvist et al. 2013; Saastamoinen et al. 2013b). 

In the Åland Islands, the habitat of the Glanville 
fritillary is highly fragmented, and the butterfly 
persists as a classic metapopulation in a large habitat 
patch network of dry meadows within an area of 
50 x 70 km (Fig. 1; Hanski 1999; Nieminen et al. 
2004; Ojanen et al. 2013). Complete population 
surveys take place biannually, enabling sampling of 
individuals for experiments and molecular studies 
(Ojanen et al. 2013). Of the around 4000 habitat 
patches, about 500-800 patches are occupied in a 
given year. The local populations are typically very 
small, consisting mostly of less than ten groups of 
full-sib larvae (Nieminen et al. 2004), and they have 
a high risk of extinction. Extinction risk is affected 
by inbreeding and allee effects (increased emigration 
and reduced population growth rate in low-density 
habitats) in addition to other reasons related to small 
population size (Hanski 1998; Kuussaari et al. 1998; 
Saccheri et al. 1998; Haikola 2003). The turnover 
rate of the local populations is very high, with around 
100 local extinctions and re-colonizations taking 
place yearly (Nieminen et al. 2004; Hanski 2011; 
Ojanen et al. 2013). The total census size of the Åland 
metapopulation is around 5000 larval families (some 
tens of thousands of individuals), with the effective 
size being of the order of 104 (Ojanen et al. 2013).

Mark-release-recapture studies show that the 
Glanville fritillary is a relatively sedentary species, 
but in the case of small meadows most individuals 
emigrate at some point of their adult life (Kuussaari et 
al. 1996). The flight of the Glanville fritillary typically 
consists of short flight bouts, partly explained by the 
need to bask at regular intervals to gain sufficiently 
high body temperature for flight (Heinrich 1986b; 
Wickman 2009). In the experiment of Ovaskainen et 
al. (2008) on freely-flying butterflies followed with a 
harmonic radar, the average distance travelled during 
a flight bout was 32 m. Mean lifetime dispersal 
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distances, as estimated with mark-release-recapture 
studies, are some hundreds of meters, while the 
longest dispersal events are 1-2 km (Kuussaari et al. 
1996; Niitepõld et al. 2011) and the longest recorded 
colonization distances are 4-5 km (van Nouhuys 
and Hanski 2002). Generally, females have a higher 
chance of dispersing, while some males remain in 
the natal population (Kuussaari et al. 1996). There is 
no evidence for morphological traits with significant 
effects on dispersal capacity in the Glanville fritillary 
(but see Breuker et al. 2007). However, there is 
evidence for considerable individual variation 
in dispersal capacity influenced by a range of 
environmental, phenotypic and genetic factors. The 
Glanville fritillary exhibits a dispersal syndrome that 
is associated with a single nucleotide polymorphism 
(SNP) in the gene phosphoglucose isomerase (Pgi) 
(Bonte and Saastamoinen 2012; Hanski 2012). 
Notably, Pgi genotype predicts flight metabolic rate 
and dispersal rate in the field (Niitepõld et al. 2009). 
Particularly, one Pgi genotype (AC heterozygote in 
the SNP Pgi_111) can have up to about 40% higher 
flight metabolic rate than the alternative common 
genotype AA (Niitepõld 2010). Furthermore, flight 
metabolic rate is positively correlated with dispersal 
rate in the field, explaining up to 30% of the variation 
in the distance moved in 1 h, making flight metabolic 
rate a good proxy for dispersal capacity in this 
species (Niitepõld et al. 2009). Pgi genotypes have 
been shown to differ in multiple other life-history 
and fitness traits, often so that dispersal capacity 
is positively linked with reproductive success and 
lifespan (Saastamoinen 2007a; Saastamoinen 2007b; 
Klemme and Hanski 2009; Bonte and Saastamoinen 
2012; Niitepõld and Hanski 2013). 

However, there are important trade-offs related to 
the Pgi polymorphism. For instance, the “inferior” 
Pgi_111 AA genotype may do better when butterflies 
are limited by nutritional resources, as these 
genotypes appear to lose thorax mass at a slower 
rate in response to starvation stress (Saastamoinen 
et al. 2009). Further, there is typically a significant 
interaction with ambient temperature in  the 
Pgi genotype-fitness associations, such that the 
genotype with superior fitness in low-intermediate 
thermal conditions (Pgi_111 AC) is outperformed 
by the usually inferior genotype in high-temperature 
environments (Saastamoinen 2007b; Ovaskainen et 
al. 2008; Saastamoinen and Hanski 2008; Niitepõld 

et al. 2009; Niitepõld 2010). This is highlighted by 
the observation that the “inferior” Pgi_111 AA 
genotype has a better tolerance of stressfully high 
and low temperatures (Kallioniemi and Hanski 
2011; Luo et al. 2014). These differences in thermal 
performance may be linked to the kinetics and 
stability of the PGI enzyme at different temperatures 
(Watt et al. 1983). 

Given that there is such marked individual variation 
in dispersal capacity, it can be expected that new 
populations are typically colonized by the more 
dispersive females. This is indeed the case: female 
butterflies originating from newly-established local 
populations have been shown to be on average 
more dispersive than those from old populations 
(persisting for more than five years). The new-
population females have on average higher flight 
metabolic rate, higher dispersal rate between 
habitat patches, and higher within-habitat mobility 
(Hanski et al. 2002; Hanski et al. 2004; Haag et 
al. 2005; Saastamoinen 2007a; Ovaskainen et 
al. 2008; Wheat et al. 2011). The Pgi genotype 
associated with higher dispersal rate is also more 
common in newly-established than old populations 
(Hanski et al. 2004; Haag et al. 2005; Zheng et al. 
2009; Hanski and Mononen 2011), affecting even 
population dynamics in these populations (Hanski 
and Saccheri 2006). Furthermore, in a fragmented 
landscape, any ecological process that increases 
local extinctions generates more opportunities for 
colonization, which strengthens selection for the 
more dispersive individuals at the metapopulation 
level. Such eco-evolutionary dynamics, involving 
the Pgi polymorphism and associated life-history 
and dispersal traits, has been documented in the 
Glanville fritillary metapopulation in the Åland 
islands (Hanski and Mononen 2011; Hanski 2012). 
Overall, increasing fragmentation leads to increasing 
dispersal rate in the Glanville fritillary in the Åland 
metapopulation (Heino and Hanski 2001; Hanski 
and Mononen 2011). A wider applicability of this 
result is indicated by a study comparing multiple 
fragmented and more continuous landscapes in 
northern Europe, which found that butterflies 
from the fragmented landscapes had higher flight 
metabolic rate than butterflies from continuous 
landscapes (Duplouy et al. 2013).
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2. AIMS OF THE THESIS

Building a better knowledge of organismal 
movements and dispersal is crucial for understanding 
the response of natural populations to the imminent 
global challenges threatening biodiversity, especially 
the loss and fragmentation of habitats and climate 
change (Section 1.1). For a comprehensive 
understanding, it is important to consider multiple 
facets of dispersal, ranging from the genetic basis 
and mechanisms of dispersal to individual and 
population level processes, as well as how these may 
be affected by variation in the environment (Section 
1.2). Before a unified cross-species framework 
for the ecology and evolution of dispersal may 
be developed, empirical knowledge on a range of 
different model species is required.

	In this thesis, I build on the vast knowledge gained 
during the more than two decades of research on the 
Glanville fritillary butterfly (Section 1.3), aiming 
towards a more comprehensive understanding of the 

mechanisms and processes involved in dispersal in 
this ecological model species.  A variety of different 
methods are used (Section 3) to address questions 
ranging from the genetic basis and heritability of 
flight and dispersal capacity to the interplay between 
genes, physiology and environment in affecting 
movements. Finally, the consequences of variation in 
dispersal capacity to population and metapopulation 
level processes are investigated. Common to all 
studies is the use of flight metabolic rate as a measure 
of butterfly flight and dispersal capacity (Box 1, 
Sections 1.3 and 3.2). More specifically, the thesis 
aims to address the following main questions:

•	 How is flight metabolic rate inherited from one 
generation to the next, and does heritability 
differ in different environmental conditions 
(I)?

•	 Which genes and functional groups of genes 
primarily influence flight metabolic rate and 
flight capacity (II, III)?

Figure 1. Maps and geographical locations of the study populations. The upper row shows the Åland 
metapopulation (left; Chapters I-V), with meadows occupied in 2012 shown in red and unoccupied meadows in 
blue, and a typical Glanville fritillary habitat patch in Åland (center; images with permission from Ojanen et. al. 
2013). The bottom row shows the shoreline meadow inhabited by the Glanville fritillary on the island of Pikku 
Tytärsaari (left; Chapters II and IV), and a map of the island with the main distribution area marked with crosses 
(center; images courtesy of Elena Glazkova). The geographical locations of the two populations are marked on 
the map representing the Baltic Sea region (far right; map courtesy of Anne Duplouy).  
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•	 How significant are single-gene effects of the 
phosphoglucose isomerase (Pgi) gene on 
different aspects of flight and dispersal behavior, 
and how much does Pgi genotype contribute to 
the heritability of flight metabolism (I, III, V)?

•	 Which cellular and physiological processes are 
important in a flying butterfly, and can they 
predict variation in flight capacity (II, III)?

•	 How is butterfly flight influenced by 
environmental conditions, especially 
temperature, and what are the mechanisms 
behind the dissimilar responses of different 
individuals to variation in the environment (I, 
III)?

•	 Do the two sexes differ in the characteristics 
of flight and dispersal physiology and behavior 
(II, III, IV, V)?

•	 What are the consequences of long-term 
complete population isolation on life-history 
and fitness and the genetic viability of a small 
butterfly population (IV)?

•	 Is there evidence for selection on reduced 
dispersal capacity in a completely isolated small 
population, and which evolutionary forces 
determine average dispersal capacity in such a 
setting (IV)?

•	 What are the consequences of variation in 
flight metabolic rate, flight performance and 
Pgi genotype for dispersal at the habitat patch 
network (metapopulation) level (V)?

3. MATERIALS AND METHODS

3.1. THE STUDY SPECIES AND POPULATIONS 

The Glanville fritillary butterfly, Melitaea cinxia 
(Melitaeini: Nymphalidae), is widely distributed in the 
Palaearctic region from western continental Europe 
to southern Siberia and NW China (Nieminen et al. 
2004). The butterfly is declining in numbers in many 
parts of its range due to habitat loss and alteration. 
In Finland, it occurs at its northern range margin 
and is listed as an endangered species (Rassi et al. 
2010). The Finnish mainland populations have gone 
extinct, and the present-day distribution is limited 
to the Åland Islands southwest of mainland Finland 
(Fig. 1). 

The Åland metapopulation

In the northern parts of its range, including the 
Åland Islands, the Glanville fritillary has an obligate 
diapause and one generation per year (Kuussaari 
et al. 2004). It inhabits dry meadows with one of 
the two host plants: the ribwort plantain Plantago 
lanceolata and the spiked speedwell Veronica 
spicata. Caterpillars live in sib-groups and diapause 
gregariously in a densely spun winter nest. The size 
of the larval group has a positive effect on winter 
survival (Boggs and Nieminen 2004). In the spring, 
larvae continue feeding and pupate in May. The flight 
season lasts from early June to mid-July, with males 
emerging on average 2-3 days earlier than females 
(Boggs and Nieminen 2004). Males usually locate 
females using the “perching” tactic, by establishing 
mating territories where they wait for passing females 
and chase away intruding males, which requires 
repeated rapid take-off flights. “Patrolling” males, on 
the other hand, fly more continuously around the 
habitat in search of females (Scott 1974; Boggs and 
Nieminen 2004). Females usually mate only once 
soon after eclosion and lay eggs in clusters on leaves 
of the host plants, often after having dispersed to a 
new habitat patch. Details of the metapopulation 
structure and dynamics, as well as characteristics 
of dispersal in the Glanville fritillary butterfly, are 
presented in Section 1.3.

In Chapters I-V, samples collected as larvae during 
the Åland autumn surveys and reared in common 
garden conditions at the Lammi biological station 
butterfly laboratory were used in the experiments. 
In Chapter V, second generation laboratory-reared 
butterflies originating from Åland were also used 
(tethered flight experiment, Section 3.3), as well 
as individuals captured as adults in the wild (mark-
recapture experiment, Section 3.3). To avoid data 
interdependence due to family structure, samples 
in each experiment originated from different 
families and local populations around the Åland 
metapopulation. In Chapter IV, the large Åland 
metapopulation served as a reference when 
investigating the population genetic, life-history 
and fitness effects of long-term complete isolation 
in the small island population of Pikku Tytärsaari 
(below). In Chapter II, butterflies from the Åland 
metapopulation exemplified individuals with high 
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flight capacity, in comparison with individuals from 
Pikku Tytärsaari, which served as examples of poor 
flyers (based on the results of Chapter IV).        

The isolated island population of Pikku Tytärsaari

In addition to the well-studied large metapopulation 
in the Åland islands, which has been used as a model 
system throughout this thesis, Chapters II and IV 
additionally investigated a small and completely 
isolated population of the Glanville fritillary on the 
island of Pikku Tytärsaari (hereafter denoted as PT). 
The island of PT is located in the Gulf of Finland 
in the Baltic Sea (Fig. 1). The nearest mainland in 
Estonia is about 30 km away, greatly exceeding the 
maximum colonization distances of the butterfly 
(4-5 km; van Nouhuys and Hanski 2002). The 
distance to the Åland islands is about 400 km (Fig. 
1). 

The Glanville fritillary was first recorded on PT in 
1936 and again in 1994, and hence the population has 
persisted for at least 75 years (last surveyed in 2011). 
The island is very small, only about 1.5 km2 in area, 
and there is a single meadow of around 10 ha with 
the host plant Veronica spicata. The butterfly was 
most likely unintentionally introduced with plant 
material brought from the Estonian coast by people 
using the uninhabited island as a base for fishing and 
travel. The introduction as larvae from one or several 
larval families is supported by the presence of the 
specialist parasitoid Cotesia melitaearum, which 
is an even worse disperser than the butterfly (van 
Nouhuys and Hanski 2002), but could have arrived 
as parasitized host larvae. The Russian island has 
been seldom visited by people after the World War 
II. Because of this and the great distances to nearest 
conspecific populations, it is practically certain that 
there has been no further gene flow to the island. 

PT was exhaustively surveyed in 2009 and 2011, 
during which 111 and 198 larval family groups 
were recorded, respectively. Assuming that the 
expected genetic heterozygosity was initially equal 
to the current heterozygosity in the large Estonian 
population on the island of Saaremaa (used as 
a population genetic reference), knowing the 
current level of genetic  variation (Chapter IV), and 
assuming that the age of the PT population is 100 y 

(=100 generations), the effective population size of 
PT is currently estimated to be Ne = 95 (following 
the method of Hartl and Clark 2007). This estimate 
is consistent with the numbers of family groups 
found during the surveys. 

3.2. MEASUREMENT AND ANALYSIS OF 
FLIGHT METABOLIC RATE

Previous studies on the Glanville fritillary have 
shown that metabolic rate during flight correlates 
positively with dispersal rate in field conditions, 
explaining up to one third of the variation in distances 
travelled (Niitepõld et al. 2009). In this thesis, flight 
metabolic rate (FMR) is thus considered a proxy 
of butterfly dispersal capacity. In insects, metabolic 
rates can be measured using the rates of gas exchange. 
Aerobic respiration, which is the primary source of 
energy used in insect flight (Dudley 2000), requires 
oxygen molecules (O2) to generate ATP (energy). 
In this reaction, carbon dioxide (CO2) is released in 
proportion to the oxygen used and energy consumed. 
The amount of CO2 produced thus gives a reliable 
estimate of the rate of metabolism, and it can be 
measured using flow-through respirometry (for a 
detailed description of the method used to measure 
metabolic rate with respirometry in the Glanville 
fritillary, see Niitepõld et al. 2009; Niitepõld 2009).

Here, flight metabolic rate was measured from 
butterflies of the age of 2-4 days, which has allowed the 
butterflies to use their flight muscles for a minimum 
of one day in favourable conditions in a flight cage. 
To equalize activity level and nutritional state, on the 
day before the measurement butterflies were taken 
to conditions which discourage flight activity (room 
temperature, dim light) and were provided with 
water only. Preceding the measurement, the butterfly 
was weighed and acclimatized in the measurement 
chamber under a black cloth for ∼30 min. FMR was 
measured using flow-through respirometry (Fig. 
2), where CO2-free dry air was pumped through 
a 1-l transparent jar at the rate of ~1.0 l/min in the 
constant temperature of 30°C. The measurement 
temperature was chosen based on previous studies of 
FMR in the Glanville fritillary (Niitepõld et al. 2009; 
Niitepõld 2010). Individuals were stimulated to fly 
inside the respirometry chamber by gently shaking 
or tapping the chamber, with the aim of forcing 
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individuals to use their maximal flight performance. 
In Chapters I, II and IV, FMR was measured during 
a period of 15 mins of flight, while somewhat shorter 
flight durations were used in Chapters III (7 mins) 
and V (10 mins).

Fifteen min of active flight during the FMR 
measurement reflects both the maximal flight 
performance and flight endurance of butterflies. 
However, as metabolic rate reaches a peak within the 
first few minutes of active flight and thereafter usually 
declines rapidly (Fig. 2A), shorter measurements 
also give accurate estimates of the maximal flight 
performance. The 7-15 min period of active flight 
is demanding for this butterfly species, mimicking 
a long dispersal event in the field. The treatment is 
not excessively harsh, however, because butterflies 
recover and e.g. their longevity is not affected 
(Saastamoinen and Rantala 2013). Furthermore, 
FMR has been shown to be significantly repeatable 
in individual butterflies (r = 0.46-0.91; Niitepõld 
and Hanski 2013). 

Four different measures of FMR were studied: 
peak FMR (the maximum rate of CO2 emission 
during the flight, describes maximal flight 
performance), integrated FMR (the total volume 
of CO2 produced during the duration of the flight 
experiment, describes maximal flight performance 
and endurance of flight), and peak FMREND and 
integrated FMREND (the peak CO2 emission and the 
total CO2 volume produced during the last 5 min of 

the experiment, respectively, describe endurance of 
flight). The average CO2 emission rate during 60 s of 
stable baseline before the flight experiment was used 
as a measure of resting metabolic rate (RMR; I, IV). 
Because of the well-established positive correlation 
between body size and metabolic rate (Kleiber 1947; 
Gillooly et al. 2001), measures of FMR and RMR 
were corrected for variation in body mass by using 
residuals from the linear regression of metabolic 
rate against body weight. Further, because of the 
sexual size dimorphism and possibly differential 
scaling of metabolic rate with body mass in female 
and male butterflies (Fig. 2B), residual metabolic 
rates were calculated separately for the two sexes. 
In Chapter II, mass-specific metabolic rate (FMR 
per unit of body weight) was used, as the relatively 
small sample size did not allow a reliable regression 
analysis. Butterflies were allowed to recover from 
the metabolic measurement for a minimum of 24 
h under favorable conditions before any possible 
further experimental treatments. 

3.3. OTHER MEASURES OF FLIGHT 
PERFORMANCE AND DISPERSAL CAPACITY

Besides flight metabolic rate, thermal performance of 
flight (III; Section 3.4) and molecular characteristics 
(I-V; Section 3.6), several other types of dispersal-
related traits were studied. In Chapter IV many 
morphological traits expected to influence flight 
performance were measured to investigate whether 

Figure 2. The image on the left shows a butterfly placed in a respirometry chamber for a flight metabolic rate 
measurement. A. Examples of CO2 output (ml CO2/h) during 15 min of flight, with colors representing different 
individuals. These examples demonstrate typical patterns of flight metabolism in the course of time as well as the 
amount of variation among individuals. B. An example of scaling of metabolic rate with body mass in the two sexes. 
The figure shows the regression of integrated flight metabolic rate (the total amount of CO2 produced during 15 
min of flight) against adult body mass in females (red) and males (black). Modified from Chapter I.
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complete population isolation had influenced 
dispersal capacity. The traits included relative thorax 
mass, wing area, wing aspect ratio and wing loading, 
which are often used as proxies for butterfly flight 
performance (Box 1).

In Chapter V, three very different measures of 
flight and dispersal performance were examined. 
In addition to measurements of flight metabolism, 
the endurance of flight was measured in a tethered 
flight experiment, and dispersal rate between 
habitat patches was studied in the natural habitat of 
the butterfly with mark-release-recapture (MRR) 
studies. In the tethered flight experiment, the 
butterfly was attached from the dorsal side of its 
thorax to the end of a vertical rod, and was placed 
inside a cylinder with controlled lighting and 
temperature. The butterfly was stimulated to fly 
by directing an air flow at the butterfly. The total 
duration of flight during a period of five min was used 
as a measure of flight endurance. Two MRR studies 
were performed, one in a natural habitat patch 
network in the Åland islands, and the other one on 
an uninhabited small island in the eastern Åland 
archipelago with a network of naturally occurring 
habitat patches, where common-garden reared 
butterflies were released for the experiment. In the 
MRR studies, all habitat patches were searched for 
butterflies daily during the flight season. During the 
first capture or before the initial release, butterflies 
were individually marked with a number written on 
their wing. At each capture, the location and identity 
of the captured butterfly were recorded before 
releasing it at the same location. Two measures of 
dispersal were calculated from the MRR data:  the 
observed number of movements between habitat 
patches and the sum of the respective movement 
distances. MRR studies have the advantage of 
allowing the observation of dispersal under natural 
environmental conditions and in the natural habitat 
of the study species.

3.4. RECORDING BUTTERFLY BODY 
TEMPERATURE USING INFRARED THERMAL 
IMAGING

Infrared (IR) thermal imaging provides an accurate 
and non-invasive method for recording the surface 
body temperature of butterflies. The thermal 

image camera is a thermometer with automatic 
functions, high accuracy and spatial resolution, and 
the possibility to store thermal data for subsequent 
analysis. In Chapter III, an IR thermal image camera 
(DIAS PYROVIEW 380L compact) was used to 
record body temperature (Tb) of butterflies at the 
time of flight take-off and immediately after a known 
duration of flight, allowing the calculation of the rate 
of cooling (due to air convection) during flight (Box 
1).

The flight experiments were carried out in a large 
outdoor population cage covered with a mesh 
that prevents butterflies from escaping but allows 
practically natural environmental conditions 
(Hanski et al. 2006). The weather conditions during 
the experiments were recorded with a weather 
station data logger placed inside the population cage. 
To start the experiment, the butterfly was placed on 
a platform covered with white cardboard in sunshine 
and protected from two sides by windshields. 
The butterfly was allowed to bask while being 
simultaneously photographed with the IR camera 
at one sec intervals until it took off on its own. The 
flying butterfly was followed on foot, recording the 
time in flight with a stopwatch. Because the flight 
of the Glanville fritillary typically consists of short 
flight bouts (Ovaskainen et al. 2008), in about half 
of the flight experiments the butterfly was chased 
to continue its flight immediately after landing to 
enable the study of Tb changes during longer flights. 
At the end of the flight experiment, the butterfly was 
captured and Tb was immediately recorded with the 
IR camera. 

The images were analyzed using the PYROSOFT 
Compact program (DIAS Infrared Systems). 
Figure 3 shows an example thermal image series of 
a butterfly at the beginning of basking, at the time 
of take-off and immediately after flight. The average 
surface temperature at five random points within 
the outline of the thorax was used as a measure of 
thoracic temperature. The surface temperature 
underestimates the actual body temperature, but the 
measurements are comparable between individuals 
and experiments (see also Saastamoinen and Hanski 
2008). The last image of the basking butterfly before 
take-off, and the first image of the butterfly after 
flight, were analyzed to obtain thoracic temperature 
(Tb) at take-off and after flight, respectively. The 
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amount of cooling during each flight experiment (∆) 
was calculated as the difference between take-off Tb 
and flight Tb, and the cooling rate as the amount of 
cooling per second of flight (∆ / duration of flight).

3.5. ESTIMATING HERITABILITY AND 
PHENOTYPIC VARIANCE COMPONENTS 
USING THE ANIMAL MODEL

Factors including genetics, environment and 
random effects can all contribute to phenotypic 
variation between individuals. Heritability (h2) 
describes the degree of resemblance between 
relatives, and in its narrow definition is an estimate of 
the relative contribution of additive genetic factors 
to the total phenotypic variance in a population 
(Lynch and Walsh 1998b, Chapter 1.2). “Animal 
models” provide a powerful statistical approach to 
investigating the quantitative genetics of complex 
traits (Kruuk 2004; Wilson et al. 2010). The animal 
model is a linear mixed effects model that can make 
use of information from all family relationships in 
a complex, unbalanced and incomplete pedigree to 
estimate quantitative-genetic parameters. It can be 
fitted with either restricted maximum likelihood 
(REML) or Bayesian inference (Wilson et al. 
2010). Given sufficient pedigree data, the method 
can partition phenotypic variance into different 
components, including additive genetic variance as 
well as maternal and environment influences. Failing 
to account for covariance among relatives due to 
maternal and common environment effects would 

inflate estimates of heritability (Kruuk and Hadfield 
2007). 

In Chapter I, we investigated additive genetic 
variance (heritability), maternal effects and 
common environment effects in the flight and resting 
metabolic rates of the Glanville fritillary. We fitted an 
animal model using the software Wombat (Meyer 
2007), which uses the REML method. Heritability 
and variance components were estimated 
separately for butterflies reared in two different 
temperature treatments: the standard (benign) 
and high temperature (stressful) treatments, which 
formed two separate two-generation pedigrees. 
The objective of this experimental setup was to 
investigate whether heritability differs in different 
environmental conditions. The high-temperature 
treatment represents environmental (thermal) stress. 
The pedigrees include parents and their offspring as 
well as full-sib and half-sib relationships. The model 
was fitted separately for four different measures of 
flight metabolic rate and the resting metabolic rate. 
The phenotypic variance (Vp) components included 
additive genetic variance (Va), yearly variance (Vyear; 
corresponds to generation), maternal effects (Vmat; 
describes the similarity of the offspring of the same 
mother), and a common environment effect (the 
“box effect”, Vbox; describes the similarity of full-sibs 
reared in separate rearing boxes). The narrow-sense 
heritability (h2) was calculated as the proportion of 
phenotypic variance explained by additive genetic 
variance (i.e. Va/VP) (Kruuk 2004; Wilson et al. 
2010).

Figure 3. A thermal image series of a butterfly (Chapter III) in the beginning of basking, at the time 
of take-off and immediately after flight (held by tweezers). The colors represent relative temperature 
(blue=cold – red=warm).
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3.6. MOLECULAR METHODS

Three main molecular methods were used in this 
thesis: SNP (single nucleotide polymorphism) 
genotyping of candidate gene loci such as 
phosphoglucose isomerase (Pgi) (I, III and V), 
assessment of neutral genetic variability using 
microsatellite markers (IV), and whole-genome 
transcriptome sequencing (RNA-seq; II).

	The candidate genes and SNPs were selected on the 
basis of previous association and expression studies 
on the Glanville fritillary (Vera et al. 2008; Niitepõld 
et al. 2009; Orsini et al. 2009; Fischer and Karl 2010; 
Wheat et al. 2011; Saastamoinen et al. 2013; Kvist et 
al. 2013; for detailed information on the SNPs and 
their selection criteria, see de Jong et al. 2014). SNPs 
were genotyped from DNA extracted from butterfly 
thorax samples using the Sequenom iPLEX Gold 
chemistry genotyping platform (Sequenom Inc., 
CA, USA; I, III) or by running primer extension 
reactions (SNuPe kit, GE Healthcare) with Megabase 
1000 (GE Healthcare) as described in Orsini et al. 
(2009; V). In Chapter III, I studied the associations 
between flight metabolic rate and genotype for 11 
SNPs in six genes: Pgi, Flightin, Glucose-6-phosphate 
1-dehydrogenase (G6PD), Heat shock protein 70kDa 
(Hsp70), Succinate dehydrogenase complex subunit 
D (Sdhd) and Troponin-T. Studies by Wheat et 
al. (2011) and Marden et al. (2012) have shown 
that Sdhd genotype is related to flight metabolic 
rate, flight endurance and hypoxia tolerance in the 
Glanville fritillary. G6PD has a major role in aerobic 
metabolism, as it is a rate-limiting enzyme of the 
pentose phosphate pathway (Eanes et al. 2006), 
whereas Flightin has a function specific to insect 
flight muscles (Barton et al. 2005). The isoform 
composition of Troponin-T is known to affect muscle 
force and power output in other animals, and to 
be associated with the rate of energy consumption 
during insect flight (Marden et al. 2008). Heat shock 
proteins (Hsps) protect cells against stress-induced 
damage (Sorensen et al. 2003). In the case of SNPs 
with a significant association with FMR (Pgi, 
Hsp70 and Flightin), I examined their associations 
with butterfly body temperature dynamics during 
flight. The role of Pgi was also studied in relation 
to its contribution to the heritability of flight 
metabolic rate (I), its gene expression response 
to an experimental flight treatment (II), as well 

as its association with dispersal rate of individual 
butterflies within a natural habitat patch network in 
the Åland islands (V).

	The consequences of long-term small population 
size and complete lack of gene flow for the genetic 
variability of the PT island population (Section 
3.1) was assessed in Chapter IV using microsatellite 
markers. Samples from PT and the reference 
populations in Åland and Saaremaa were genotyped 
for seven microsatellite loci. Based on these 
microsatellite genotype data, several population 
genetic parameters were calculated, including 
the allele distributions, expected and observed 
heterozygosities (mean for individual loci), gene 
diversity (average over all data), Fst values, the 
numbers of shared alleles with PT, inbreeding 
coefficients and average relatedness. To estimate 
the number of founding individuals of the PT 
population, the decline in heterozygosity in time was 
simulated using different founding propagule sizes. 
The expected heterozygosity values of the simulated 
data were compared with the value calculated for the 
actual sample.

	In Chapter II, the full 393 Mbp draft genome of 
the Glanville fritillary with its 16,667 gene models 
(12,410 gene models with a functional annotation; 
(Ahola et al., unpublished) was utilized to study 
gene expression changes induced by intensive flight 
activity by transcriptome sequencing (RNA-seq). 
RNA samples were taken from butterflies that had 
experienced a 15 min flight treatment (during which 
flight metabolic rate was measured) either 1 h or 20 h 
previous to sampling. RNA was additionally extracted 
from control butterflies that had not experienced 
the flight treatment. Total RNA was extracted from 
butterfly thorax samples. Two RNA-seq libraries 
(separated by size into two pools: ~450 bp and ~650 
bp libraries) were prepared for each individual and 
were sequenced with Illumina Hiseq2000 (Illumina 
Inc., CA, USA). After quality control, RNA reads 
were mapped against genomic scaffolds. The 
expression level of a gene was calculated based on 
reads that were mapped within gene models. The 
gene models that yielded more than 10 read counts 
in at least 10 samples (8,258 genes) were used in 
the analyses of differential expression. Differentially 
expressed genes were recorded using generalized 
linear models applied to each gene, with the read 
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count as the response variable and population (PT / 
Åland), sex and flight treatment category (control / 1 
h after flight / 20 h after flight), and their interactions 
as factors. Enrichment of particular gene functions 
within the genes that showed differential expression 
in the flight treatment vs. control butterfly samples 
(755 genes), as well as those genes that showed 
differences between the two studied populations 
were studied with Gene Ontology (GO) and KEGG 
functional pathway enrichment analyses. Gene 
expression changes in gene groups of special interest, 
i.e. hypoxia, glycolysis and TCA (tricarboxylic acid 
) cycle genes, were studied by finding linear models 
that best explained the gene expression changes in 
each gene group.

4. RESULTS AND DISCUSSION

4.1. GENETIC BASIS AND HERITABILITY OF 
FLIGHT METABOLIC RATE AND DISPERSAL 
CAPACITY (I, II, III, V)

For dispersal to evolve, there has to be variation in 
dispersal-related traits, and this variation has to have 
a genetic basis and be heritable from one generation 
to the next. Because of the crucial role of dispersal 
in adapting to, or escaping from, challenges posed by 
habitat fragmentation and climate change (Section 
1.1.), empirical studies are needed on the genetic 
basis and heritability of dispersal-related traits (Zera 
and Brisson 2012; Sutherland et al. 2013). I begin 
this section by assessing the extent to which flight 
metabolic rate and dispersal capacity have a heritable 
genetic basis in the Glanville fritillary. I then discuss 
the role of Pgi genotype for different aspects of flight 
and dispersal behavior, as well as other observed 
single-gene effects on flight capacity.

	In the Glanville fritillary, heritability of mobility 
(small-scale movements) under semi-natural 
conditions has been previously estimated using 
parent-offspring regression (Saastamoinen 2008) 
and full-sib analyses (Klemme and Hanski 2009), 
which both found significant heritability of flight 
activity (h2 = 0.61 and h2 = 0.29, respectively). 
However, the extent to which maternal effects 
contributed to these heritability estimates is 
unknown. Maternal effects may play a large role, 
as genetically or environmentally determined 

maternal quality, in addition to the additive genetic 
background, may influence the quality of the 
offspring (Pakkasmaa et al. 2003; Kruuk 2004; 
Kruuk and Hadfield 2007). In fact, Saastamoinen 
(2008) found mobility to be heritable from mother 
to daughter only, suggesting that the heritability 
estimate from mother to her female offspring could 
be inflated by maternal effects that are expressed in 
females only. Here, however, using a two-generation 
design with parent-offspring, full-sibling and half-
sibling family relationships, and employing the 
animal model method (Kruuk 2004; Wilson et al. 
2010), maternal effects on flight metabolism were 
found to be negligible, but flight metabolic rate had 
significant heritability with additive genetic variance 
accounting for about 40% of total phenotypic 
variance (h2 = 0.38, P = 0.039 for Integrated FMR; 
Fig. 4, Chapter I). According to this result, flight 
metabolic rate thus has a significant heritable genetic 
basis and the potential to respond to selection, 
highlighting its importance for the evolution of 
dispersal capacity in this species. In comparison, 
there was no heritability in resting metabolic rate, 
which was instead strongly influenced by maternal 
effects.

Notably, however, heritability of flight metabolism 
was found to be context-dependent, as in stressful 
high-temperature conditions environmentally 
induced variation dominated over additive 
genetic effects. This result is in line with studies 
comparing heritabilities in favourable and stressful 
environments in wild populations which have 
shown that, in general, estimates of additive genetic 
variance are lower in unfavourable conditions 
(Charmantier and Garant 2005), whereas laboratory 
studies in Drosophila and other invertebrates 
have indicated even an opposite effect (Hoffmann 
and Merilä 1999; Saastamoinen et al. 2013a). 
The absence of a significant heritability for flight 
metabolism in individuals reared as larvae in high 
temperature suggests that the significant heritability 
measured under the standard conditions may not be 
realized under stressful thermal conditions in nature. 
Temperatures as high as the ones used for the high 
temperature treatment (35°C) are rarely experienced 
by these temperate butterflies in the field, but such 
conditions may  become more common as a result of 
climate change. The resulting potential dominance 
of environmental effects over additive genetic 
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effects may act as a constraint for the evolution 
of flight capacity. Heritability of dispersal-related 
traits has been studied in e.g. the tropical butterfly 
Bicyclus anynana (Saastamoinen et al. 2012), 
crickets (Roff and Fairbairn 2007a; Ketola and 
Kotiaho 2009), wind-dispersed insects (Gatehouse 
1997), and moths (Gu and Danthanarayana 1992; 
Han et al. 2009), but these studies have typically 
been performed on laboratory populations and 
without accounting for sources of phenotypic 
variance other than genetic effects, nor the possible 
effects of dissimilar conditions on heritability. The 
results presented here thus represent one of the 
most comprehensive assessments of heritability of 
dispersal capacity, and in a more natural setup than 
in most heritability studies on insects to date.

There is thus a significant heritable genetic basis 
in flight metabolism. Is it possible to find genes 
contributing to the genetic basis of flight metabolism 
and dispersal capacity? Previous studies on the 

Glanville fritillary have indicated significant effects 
of the phosphoglucose isomerase (Pgi) genotype 
on multiple life-history and fitness traits, including 
an association with flight metabolic rate (FMR) 
and dispersal rate in the field (Niitepõld et al. 2009, 
Section 1.3.). Pgi serves an important function 
in glycolysis, i.e. the metabolic pathway by which 
glucose and fructose, the main components of 
flower nectar ingested by butterflies, are transformed 
into high-energy molecules (ATP and NADH) 
in glycolysis and downstream pathways such as 
aerobic respiration (the citric acid/TCA cycle in 
mitochondria) providing energy for e.g. flight. 
More specifically, the PGI enzyme catalyzes the 
conversion of glucose-6-phospate into fructose-6-
phosphate. There is evidence for the association of 
Pgi genotype with dispersal capacity for several other 
butterfly and insect species (Watt et al. 1983; Hughes 
and Zalucki 1993; Watt et al. 2003; Rank et al. 2007; 
Niitepõld et al. 2009; Mitikka and Hanski 2010, 
reviewed in Wheat 2010). Studies on the Colias 
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Figure 4. Variance components of flight metabolic rate (Integrated FMR) and resting metabolic rate (RMR) 
(Chapter I). Integrated FMR is the total amount of CO2 produced during 15 min of flight. RMR is average CO2 
emission rate at rest. The upper panels show results for standard temperature treatment, the lower panels for the 
high-temperature treatment. The variance components are: additive genetic variance Va, yearly variance Vyear, 
maternal effects Vmat, common environment effect Vbox, and residual variance Vr. Whiskers on the bars show the 
standard error of the estimate.
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butterflies exhibiting similar Pgi - fitness associations 
have shown that the observed differences in fitness 
and flight performance can be largely explained by 
dissimilar metabolic capacity of the different PGI 
enzyme isoforms, which differ in their thermal 
stability and kinetic properties (Watt et al. 1983; Watt 
1992). These enzymatic properties can thus explain 
the phenotype-temperature interactions, with 
different Pgi genotypes performing better at different 
temperatures (Watt et al. 1983; Saastamoinen and 
Hanski 2008; Niitepõld 2010).

In this thesis, the significance of Pgi genotype on 
several different aspects of flight and dispersal 
behavior in the Glanville fritillary was examined. At 
the individual level, I found a significant association 
of Pgi genotype with flight metabolic rate (Chapter 
III), but only in male butterflies. In Chapter I, Pgi 
genotype was not significantly associated with flight 
metabolism, although there was a trend parallel to 
results found in previous studies on the Glanville 
fritillary (Niitepõld et al. 2009; Niitepõld 2010). Pgi 
did not contribute any significant amount to the total 
heritable variation in FMR (Chapter I). Moreover, 
unlike expected, there was only weak indication 
of differential flight behavior in different thermal 
conditions of the Pgi genotypes, such that the 
Pgi_111 AC/CC genotypes (associated with high 
FMR) appeared to maintain body temperature during 
flight somewhat better than the other genotypes 
(Chapter III). In the study of Saastamoinen & 
Hanski (2008), the Pgi_111 AC genotype was 
found to have a significant advantage in low ambient 
temperatures, based on the observation that in 
such conditions, they had on average higher body 
temperature during flight. Results of the genome-
wide RNA-seq study indicated that many genes 
related to glycolysis showed a significant expression 
difference between the two studied populations, 
including Pgi, which was significantly more highly 
expressed in ÅL than PT (Chapter II). This result 
suggests that the expression of Pgi may play a role in 
influencing flight capacity, additionally to the allelic 
effects demonstrated by previous studies. Finally, 
at the metapopulation level, there was indication 
that females with the Pgi_111 AC genotype moved 
somewhat more between local habitat patches than 
Pgi_111 AA (Chapter V, discussed in more detail in 
Section 4.5). 

The effects of Pgi genotype found in Chapters I, III 
and V were thus generally similar, but overall less 
significant than what has been previously found in 
many studies on the Glanville fritillary. Variation in 
the results may be due to acclimatization to different 
thermal conditions prior to the experiments, as the 
differences between Pgi genotypes appear to be 
greatest in individuals acclimatized to low ambient 
temperatures (Oksanen & Hanski, unpublished). 
Here, butterflies were maintained for most of their 
adult life in warm conditions (max. 28°C) in the 
laboratory compared to e.g. the study of Niitepõld 
et al. (2009), in which butterflies were mostly 
kept in cool field conditions. These observations 
highlight the temperature-dependent effects of 
Pgi genotype on dispersal capacity and fitness 
reported by many previous studies (Saastamoinen 
2007a; Saastamoinen and Hanski 2008; Niitepõld 
2010; Kallioniemi and Hanski 2011). The complex 
associations involving temperature-genotype 
interactions, differences between the sexes (Chapters 
III and V), and heterozygote advantage (Orsini et al. 
2009) contribute to non-additive genetic variance 
and can lead to departures from the simple additive 
model, probably also explaining why Pgi genotype 
was not found to contribute to the heritability of 
flight metabolic rate (Chapter I). The reason why 
a genotype-FMR association in Pgi and in other 
studied genes was only found in male but not 
female butterflies is not clear, but could be related 
to the overall higher repeatability of FMR measures 
in males (Niitepõld and Hanski 2013), allowing 
for more precise association testing. The result of 
differential expression of Pgi in populations greatly 
differing in flight capacity (PT vs. ÅL, Chapter 
II) warrants more study on the expression of this 
important glycolytic gene.

In addition to the Pgi genotype, I examined the 
associations of flight metabolic rate with 8 SNPs 
in 5 other genes (Chapter III). The genes included 
Flightin, Glucose-6-phosphate 1-dehydrogenase 
(G6PD), Heat shock protein 70kDa (Hsp70), 
Succinate dehydrogenase complex subunit D (Sdhd) 
and Troponin-T, which were chosen as candidates 
based on indication of possible significant effects 
on flight performance shown in previous gene 
expression and association studies in the Glanville 
fritillary and other flying insects (Section 3.6.). Of 
these, genotype at one of the studied SNPs in the 
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Heat shock protein 70kDa (Hsp70) locus showed a 
highly significant association with flight metabolic 
rate in male butterflies. Heat shock proteins (Hsps) 
have an important function in protecting cells 
against stress-induced damage (Sorensen et al. 
2003), including physiological stress caused by 
intensive exercise (Sorensen et al. 2003; Fittipaldi et 
al. 2014). One important form of exercise-induced 
stress is oxidative damage, which is associated with 
energy use and can reduce lifespan (Nilsson 2002; 
Alonso-Alvarez et al. 2004; Hulbert et al. 2007; 
Ketola and Kotiaho 2009). Taking into account that 
butterfly flight is one of the most energy-consuming 
activies, with flight metabolic rates greatly exceeding 
metabolism at rest (Suarez 2000; Dudley 2000), 
it is perhaps not unexpected that Hsps may have a 
role in influencing the rates of metabolism during 
flight. Hsp70 expression is also known to act as a 
buffer against the differential thermal tolerance of 
individuals (Rutherford 2003), such as that due 
to Pgi genotype. The influence of Pgi genotype on 
the tolerance of extreme temperatures has been 
demonstrated in several studies on insects (Watt et 
al. 1983; Dahlhoff and Rank 2000; Neargarder et al. 
2003; Rank et al. 2007; Luo et al. 2014). Studies of 
willow beetles (Chrysomela aeneicollis) have shown 
that genetic variation in Pgi leads to differential 
expression of Hsp70 in response to thermal stress 
(Dahlhoff and Rank 2000; Neargarder et al. 2003; 
McMillan et al. 2005). The less thermally tolerant 
Pgi genotypes upregulate Hsp70 to a greater extent, 
possibly buffering differences in the thermal 
tolerance of different Pgi genotypes (Dahlhoff and 
Rank 2000; Rank et al. 2007). The role of Hsps in the 
flight of the Glanville fritillary is further highlighted 
by the observed association of Hsp70 genotype with 
body temperature at flight take-off (Chapter III, 
discussed further in Section 4.3.).  

 Another candidate gene found in this thesis to be 
related to flight metabolism was Flightin, which 
showed an association with flight metabolic rate 
in male butterflies, such that the GG homozygotes 
had significantly elevated FMR compared to other 
genotypes (Chapter III). Flightin has a function 
specific to insect flight muscles (Barton et al. 2005), 
and its significance in flight performance and flight 
metabolism could be worthy of further investigation. 
I did not find any FMR differences between the 
genotypes at the Sdhd locus, which has been shown 

in studies of Wheat et al. (2011) and Marden et 
al. (2012) to associate with flight metabolic rate, 
endurance of flight, and hypoxia tolerance in the 
Glanville fritillary. One possible reason for these 
conflicting results is that the previous studies 
examined an indel polymorphism in Sdhd (Wheat et 
al. 2011; Marden et al. 2013), whereas I investigated 
variation in a SNP which is not fully linked with 
the corresponding indel variation. In Chapter II, 
in which flight-induced gene expression changes 
were studied, the RNA-seq data did not allow 
investigation of SNP-FMR associations, because 
the coverage of RNA-seq reads was not sufficient to 
obtain reliable genotypes for most SNPs. However, 
the study setup was well-suited to study the cellular 
and physiological processes important in flight, 
and how these may be related to flight metabolism. 
This approach yielded evidence for some individual 
candidate genes, the expression of which were found 
to be significantly associated with average flight 
capacity. Probably the most promising of these was 
citrate synthase, which has an important function in 
aerobic respiration (next section).      

4.2. CELLULAR AND PHYSIOLOGICAL 
PROCESSES IN FLIGHT (II, III)

The associations of flight capacity with genes related 
to energy metabolism (e.g. Pgi) and stress responses 
(e.g. Sdhd and Hsp70) indicate that these cellular 
processes are fundamental in determining flight 
performance in butterflies (Chapter III, Niitepõld 
et al. 2009; Marden et al. 2012; Wheat et al. 2011) 
and other insect species (Eanes et al. 2006). To 
investigate in more detail and at the whole-genome 
level which cellular and physiological processes 
influence flight, we studied the genes and functional 
groups of genes that are activated or suppressed in 
response to flight activity (Chapter II). This was 
done by studying flight-induced changes in gene 
expression. The flight treatment employed was a 
15-minute flight metabolic rate experiment. This 
allowed both the examination of the gene expression 
response to flight at the maximal capacity level of 
butterflies, as well as relating these gene expression 
changes to individual variation in flight performance. 
The flight treatment mimicked a long and demanding 
flight bout during e.g. a dispersal event between 
distant habitat fragments, giving thus indication of 
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the cellular processes that may act as limiting factors 
in such situations.

Altogether 755 genes changed their expression 
significantly in response to the flight treatment. A 
great majority of the changes were evident only 
20 h after flight, indicating a long-lasting effect 
of the 15 min of active flight. Most of the flight-
responsive genes were related to various cellular 
metabolic processes. Among the most significantly 
enriched functional gene groups (in total 266 
significantly enriched Gene Ontology (GO) groups) 
were ATP metabolic process, stress response and 
defense response genes, including genes related 
to the response to hypoxia. Additionally, fifteen 
functional pathway categories (KEGG pathways) 
were significantly overrepresented among the 
flight-responsive genes. These included e.g. 
glycolysis, TCA (tricarboxylic/citric acid) cycle, and 
spliceosome pathways, indicating a cellular response 
to stressful and energy-consuming circumstances. 
Also many categories related to immunity were 
overrepresented among the 755 genes responding 
to flight. In a previous study on the Glanville 
fritillary using an experimental immune response 
assessment (encapsulation rate), Saastamoinen & 
Rantala (2013) showed that intensive flight activity 
enhanced the immune response. Immune genes 
are known to respond to intensive exercise also in 
humans (Nieman 1997; Fragala et al. 2011).

This largely descriptive study of cellular and 
physiological processes induced by butterfly flight 
activity sets the background for closer investigation 
of the roles of the various flight-responsive gene 
groups. Here, we focused in more detail on genes 
in the TCA cycle, glycolysis and hypoxia pathways, 
many of which have been identified by previous 
studies on the Glanville fritillary and other insects 
to be among the key factors influencing flight 
performance due to their important functions in 
energy metabolism and aerobic respiration (Box 1; 
Eanes et al. 2006; Niitepõld et al. 2009; Wheat et al. 
2011; Marden et al. 2012). That these three pathways 
were among the most significantly overrepresented 
gene groups within the 755 flight-responsive genes 
provides strong evidence for their central roles in 
insect flight. In each of the three pathways, there 
was a striking bimodality of genes with low versus 
high basal expression level (expression without the 

flight treatment), and these genes showed different 
patterns of expression changes in response to flight 
(Figure 5). For instance, low-expression hypoxia 
genes exhibited, on average, fast up-regulation after 
flight activity, but returned relatively rapidly back to 
the basal level, suggesting that these genes respond 
to momentary incidences of oxygen shortage in 
the cells, such as that caused by markedly elevated 
aerobic respiration levels during flight (Suarez 
2000). In contrast, the response was more variable 
and on average longer-lasting in those hypoxia genes 
with basally high expression.

Comparisons of gene expression changes in the 
hypoxia, glycolysis and TCA cycle genes also 
demonstrated significant differences in flight-
induced responses between the two sexes (Figure 5). 
We attempted to link these expression differences to 
differences between the sexes in flight metabolic rate 
(males have significantly higher mass-specific FMR 
than females). For instance, there was a very clear 
difference in the gene expression response to flight 
between female and male butterflies in the glycolysis 
and TCA cycle genes, especially in the genes with 
a high basal expression level. In fact, utilizing the 
recently constructed genome-wide linkage map of 
the Glanville fritillary (Rastas et al. 2013), we found 
that the first and rate-limiting enzyme of the TCA 
cycle, citrate synthase (CS), which plays a key role 
in regulating energy production (Cheng et al. 2009), 
was located in the sex chromosome (Z). As males 
have two Z chromosomes but females have only one, 
and as there are no dosage compensation mechanisms 
in Lepidoptera (Mank 2009), one could expect that 
males have roughly two-fold higher expression in 
Z chromosome genes. This was observed for CS 
expression in the present experiment. In previous 
studies, the levels of CS expression and enzymatic 
activity have been shown to increase with muscle 
exercise (Leek et al. 2001). Thus the on average 
higher mass-specific rates of flight metabolism in 
males compared to females could be partly explained 
by higher expression of CS. CS is located in the Z 
chromosome also in other Lepidoptera (Bombyx 
mori and Heliconius melpomene), which suggests 
that CS expression may be an important factor 
contributing to sex differences in flight performance 
in butterflies and moths in general. 
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The two populations, which represented “good 
flyers” (Åland) and “poor flyers” (PT; Chapter IV), 
showed marked differences in their gene expression 
responses to flight (Figure 5). Many groups of 
metabolism genes, including TCA cycle and 
oxygen transport genes showed substantially higher 
expression in Åland compared to PT, including the 
expression of CS. This implies that the expression 

of CS has consequences extending beyond the sex 
difference, and that overall, the expression of CS 
may be a key regulator of flight metabolic rate. In 
contrast, stress and immune response genes showed 
higher expression in PT, indicating that butterflies 
originating from this population may be more 
susceptible to stress or oxygen damage in response 
to intensive flight, which may help to explain their 
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Figure 5. Examples of flight-induced changes in gene expression at 1 h and 20 h after the flight treatment (Chapter 
II). Results are shown for hypoxia, glycolysis and TCA cycle genes with high or low basal expression level. The 
values are gene averages within population-sex groups (Åland females: red, Åland males: blue, PT females: orange, 
PT males: grey); averages of all genes are shown as thick lines. Panel A shows expression changes in hypoxia genes 
with a high basal expression level in Åland (blue) and PT (grey) males. Panel B shows expression changes in 
hypoxia genes with a low basal expression level in Åland (red) and PT (orange) females. Panels C and D show 
expression changes in glycolysis (C) and TCA cycle (D) genes with a high basal expression level in females (red) 
and males (blue) from Åland.
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significantly reduced flight metabolic rate and 
performance (Wheat et al. 2011; Marden et al. 2013, 
Chapters II and IV, see also Sections 4.4. and 4.5.).

Finally, one aim of the gene expression experiment 
was to link flight-induced changes in gene expression 
to flight metabolic rate to assess whether flight and 
dispersal capacity could be predicted from variation 
in gene expression. Indeed, we found that differences 
in flight-induced expression changes were associated 
with differences in flight metabolic rate between 
the two sexes and the two populations, suggesting 
that similar underlying mechanisms may influence 
both gender and population differences in flight 
performance. For instance, the male butterflies 
originating from Åland had the highest average 
rate of mass-specific flight metabolic rate and also 
the strongest up-regulation of the flight-responsive 
genes, including the genes related to glycolysis, 
TCA cycle and the response to hypoxia. This 
resulted in a significant correlation between mass-
corrected flight metabolic rate and flight-induced 
gene expression change: the higher the FMR, 
the more these genes were up-regulated (Fig. 6). 
However, one needs to observe that the correlation 
is mostly driven by differences between the sexes 
and the two populations, whereas gene expression 
and flight metabolism were not correlated within 
the population-sex groups. Inferring causality is 
also complicated by the fact that the correlation is 
between flight metabolism and metabolism-induced 
gene expression. It is thus not possible to conclude 
whether the positive correlation actually explains 
the differences in flight capacity. Considering the 
evidence for the key role of these gene groups in 
influencing flight capacity, such a correlation could 
be well-explained biologically. 

4.3. FLIGHT AND TEMPERATURE – LINKING 
INDIVIDUAL VARIATION IN THERMAL FLIGHT 
PERFORMANCE WITH GENETICS AND 
PHYSIOLOGY (I, III)

It is important to understand how the genetic and 
physiological basis of flight influences variation in 
flight capacity, but equally important is to increase 
knowledge of how individuals differ in their responses 
to varying environmental conditions, and how this 
is reflected in their flight and dispersal capacity. 

The need to predict the consequences of climate 
change makes the influence of temperature of special 
interest. Butterfly flight is an extremely energy-
demanding activity (Dudley 2000) and it requires 
high muscle temperatures (Box 1; Heinrich 1993). 
The flight of butterflies, especially those inhabiting 
temperate environments, is thus strongly affected by 
thermoregulation. A previous study on the Glanville 
fritillary showed that butterflies with the Pgi_111 
AC genotype associated with high flight metabolic 
rate had on average higher body temperature 
when caught in flight in low ambient temperatures 
(Saastamoinen and Hanski 2008). This observation 
indicates the existence of significant variation among 
individuals in thermal flight performance, which 
may interact with flight metabolism. 

In the experiment recording butterfly body 
temperature at take-off and after a known duration 
of flight, I found that cooling of body temperature 
was negatively correlated with flight metabolism 
in male butterflies (Fig. 7; Chapter III). In other 
words, males with lower than average FMR cooled 
down about 1.5 times faster than those with high 
FMR. Thus, during 30 seconds of flight, males with 
low FMR cooled on average 8.7°C, whereas males 
with high FMR cooled on average only 5.7°C. Such 
a magnitude of difference in cooling within a single 
short flight bout can be expected to have significant 
consequences in the life-time of a butterfly, during 
which it performs thousands of such flight bouts 
(see Ovaskainen et al. 2008). In variable temperate 
environments, the ability to fly in low ambient 
temperatures can yield significant fitness advantages, 
as more time for flight allows more time for e.g. 
reproduction and dispersal (Kingsolver 1983). 
Butterflies have mostly been considered to be 
ectothermic, i.e. their body temperature is governed 
by ambient air temperature and solar radiation. In 
large butterflies, heat produced by flight metabolism 
has been shown to facilitate flight even in low 
temperatures (Heinrich 1986a), but such internal 
heat production has been considered to have a 
negligible effect on flight in small butterflies (Shreeve 
1984; Heinrich 1986b; Wickman 2009). The present 
result indicates that this assumption may not hold. At 
the same time, this result is possibly the first to link 
within-species variation in flight metabolism to flight 
thermal dynamics, and demonstrate the significance 
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of such variation to butterfly movements in natural 
conditions. 

Another finding of Chapter III indicated that heat 
shock protein (Hsp70) genotype is associated with 
butterfly body temperature at take-off. Considering 
that the function of Hsp70 is related to protecting 
against cellular damage, especially such caused 
by exposure to extreme temperatures (Sorensen 
et al. 2003), the result suggests that tolerance of 
high temperatures may be important for flight 
performance. Indeed, previous studies indicate 

that basking butterflies have a risk of overheating, 
which can result in reduced survival and fecundity 
(Rawlins 1980; Kingsolver and Watt 1983). For 
example, Colias butterflies avoid further heating 
when their body temperature exceeds 40-42°C 
(Kingsolver and Watt 1983). Here, the thoraces of 
basking butterflies reached surface temperatures 
as high as 40.5°C, which is likely to be close to the 
upper thermal tolerance limit. The association of 
Hsp70 genotype with take-off body temperature was 
found in the same Hsp70 SNP which was also related 
to flight metabolism in males (see Section 4.1.), so 
that the genotypes with elevated FMR took off with 
a lower body temperature on average. Therefore, 
individuals that have an advantage in low ambient 
temperatures can be susceptible to overheating at 
higher temperatures, where thermally more tolerant 
butterflies perform better (see also Niitepõld 2010).
 
The factors affecting body temperature dynamics 
during flight differed markedly in female and male 
butterflies. For instance, body temperature cooling 
during flight was not affected by flight metabolism 
in females, but was instead largely governed by 
environmental conditions. The strongest effect 
on take-off Tb in males came from environmental 
variation, while in females there were no significant 
environmental effects. These differences can be related 
to behavioral, morphological and physiological 
differences between the sexes. Firstly, the functions 
of flight, which influence the motivation to fly, are 
very different for females and males: mated females 
fly to find a suitable location for laying eggs, whereas 
males fly to keep a territory and to find mates (see 
Section 4.5. and Chapter V). Secondly, the body size 

-0.6 -0.4 -0.2 0.0 0.2 0.4

0
.0

0
0
.0

1
0
.0

2
0
.0

3
0
.0

4
0
.0

5
0
.0

6

Gene expression change (log2 ratio)

P
e
a
k 

m
e
ta

b
o
lic

 r
a
te

 /
 m

g

ÅL Females
ÅL Males
PT Females
PT Males

Figure 6. Correlation between gene expression 
change induced by flight and mass-corrected peak 
flight metabolic rate (P = 0.002; Chapter II). Gene 
expression change for each individual is an average over 
hypoxia genes with high basal expression level in the 
two sexes and populations.

-3 -2 -1 0 1 2 3

-0
.2

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

FMR (residual)

C
o
o
lin

g
 r

a
te

 d
u
ri

n
g
 f
lig

h
t 
(*

C
/s

e
c)

Females
Males

Figure 7. Thorax cooling rate (∆/
sec; Pfemales= 0.552, R2

females=0, Pmales= 
0.005, R2

males= 0.080) in relation 
to flight metabolic rate (Chapter 
III). Cooling rate is calculated as 
∆ (take-off body temperature – 
flight body temperature) divided 
by flight duration (sec), and FMR 
is the residual from a linear model 
of FMR against adult body mass. 
Results are shown for females 
(open circles, dotted line) and 
males (black circles, black line).



28

ANNIINA L. K. MATTILA

and allocation of resources to body parts differ greatly 
between the sexes. Females are significantly heavier 
than males (here 75% heavier) and they allocate 
most of their mass to reproductive functions in the 
abdomen rather than to flight muscles in the thorax 
(see also Saastamoinen et al. 2009). Thirdly, males 
have significantly higher FMR per unit of body mass 
than females (here 79% higher). It is thus possible 
that the heating of flight muscles caused by FMR is 
greater in males, and this may override the effect of 
faster convective cooling due to their greater surface-
to-area ratio (Gilchrist 1990). Females, on the other 
hand, may be more constrained by environmental 
conditions also because they need to acquire higher 
body temperature for flight (Heinrich 1974; Pivnick 
and McNeil 1986; Gilchrist 1990).

Previous studies on the Glanville fritillary have 
demonstrated marked consequences of ambient 
temperatures experienced during larval development 
for life-history traits and fitness (Kallioniemi and 
Hanski 2011; Kvist et al. 2013). Here, the results of 
Chapter I showed that butterflies reared as larvae 
in stressfully high temperatures had significantly 
reduced flight metabolic rate. Considering the effect 
of FMR for flight thermal dynamics (Chapter III), the 
result suggests that thermal conditions experienced 
during larval development can have consequences 
for adult flight metabolism, and thus may not only 
influence the dispersal capacity of adult butterflies 
but also their performance in varying thermal 
conditions. Furthermore, challenging environmental 
conditions may constrain the evolution of traits such 
as dispersal capacity, if environmental variation 
overrides additive genetic effects. Such an effect 
seems to be another consequence of the exposure 
of larvae to high temperatures during development: 
significant heritability of flight metabolic rate was 
only found in standard temperature conditions, 
whereas variation in flight metabolism was 
dominated by environmental effects in butterflies 
reared in stressfully high temperatures (Chapter 
I, Section 4.1.). Variation in environmental 
temperatures can therefore have far-reaching 
consequences over life stages and even generations, 
which may additionally differ greatly between the 
sexes. Consideration of the mechanistic details of 
variation in thermal performance will increase our 
understanding of the impacts of climate change on 
dispersal and its evolution (Helmuth et al. 2005). 

4.4. CONSEQUENCES OF A COMPLETE LACK 
OF GENE FLOW TO A SMALL POPULATION (IV, 
II)

So far, I have discussed individual-level variation 
in flight and dispersal capacity, its genetic basis 
and heritability, as well as the effects of variation 
in environmental conditions on butterfly flight. 
Because of the central role of dispersal to the 
persistence of populations, these topics are relevant 
for understanding dispersal and its evolution. In this 
section, I take a population-level view, and discuss 
a case study which demonstrates reasons why gene 
flow created by dispersal between populations can 
be imperative for the viability of small populations. 
In addition to the demographic and environmental 
stochastic factors which threaten such populations, 
small and extremely isolated populations can be 
faced with genetic threats, such as inbreeding 
depression, high genetic load and loss of genetic 
diversity (Section 1.1.). The relative importance of 
these different forces in small and isolated natural 
populations is beginning to draw more attention (e.g. 
Paland and Schmid 2003; Luquet et al. 2011; Willi et 
al. 2013), but such studies continue to be relatively 
rare (Lopez et al. 2009). 

	A small butterfly population (Ne ≈ 100)  discovered 
inhabiting a very small island, the island of Pikku 
Tytärsaari (PT), in the middle of the Gulf of Finland 
in the Baltic Sea serves here as a rare “natural 
experiment” of the genetic and fitness consequences 
of long-term (~75-100 years) complete population 
isolation (Section 3.1., Chapter IV). We used the 
large metapopulation in Åland as a reference, and 
compared life-history and measures of fitness 
in the two populations in 58 traits related to 
behavior, development, morphology, metabolism, 
reproductive performance, and survival in common 
garden experiments in the laboratory and under 
semi-natural conditions in a large outdoor cage. 
Butterflies from the PT population showed inferior 
performance in the majority of the traits studied. 
For instance, reproductive fitness was substantially 
reduced, as lifetime production of larvae was only 
31 % in PT females compared with females from 
Åland. Also, flight capacity was compromised in 
PT, with flight metabolic rate showing a reduction 
by about 50% compared with Åland (Figs. 8-9; 
Chapters IV, II). In contrast, resting metabolic rate 
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was significantly elevated in PT males, implying 
an increased energetic demand for maintenance 
functions and possibly related to the observed 
shorter lifespan of PT males (Nilsson 2002; Hulbert 
et al. 2007). Examination of gene expression patterns 
in PT and Åland revealed extensive differences 
between the two populations (Chapter II), which 
suggested that butterflies in PT have less efficient 
energy metabolism and that they may be more 
susceptible to stress and oxygen damage in response 
to intensive flight, which may contribute to their 
significantly reduced flight metabolic rate and 
performance (Wheat et al. 2011; Marden et al. 
2013). 

The great fitness reductions in PT are best explained 
by a high load of deleterious mutations drifted to high 
frequency or fixation. This is supported by the result 
showing that the PT population had substantially 
reduced neutral genetic variation compared to two 
large reference populations (Åland and a continuous 
population in Saaremaa, Estonia), consistent with 
large-scale fixation of alleles by genetic drift (Lande 
1994; Whitlock et al. 2000; Frankham 2005). Also, 

one generation of full-sib mating had little or no 
effect on most traits in the PT population, while 
in the Åland population this resulted in significant 
inbreeding depression. The reduction in inbreeding 
depression in the PT population is another sign 
of increased homozygosity, as fixed loci show no 
inbreeding depression (Whitlock 2002). Part of 
the most deleterious mutations causing inbreeding 
depression may also have been purged from PT 
(Hedrick 1994; Keller and Waller 2002; Glemin 
et al. 2003). Finally, the best evidence supporting 
the claim that the great reduction of fitness in the 
PT population is caused mainly by high genetic 
load comes from crossing experiments, where 
butterflies from PT were crossed with butterflies 
from elsewhere. These hybrid offspring showed 
instant and complete fitness recovery in the two 
traits studied, egg viability and flight metabolic rate 
(Fig. 8). Such a fitness increase in hybrid offspring 
is caused by heterosis (hybrid vigor), which is the 
result of the masking of the deleterious effects of 
recessive alleles when brought into heterozygous 
state (Whitlock et al. 2000). Heterosis is also the 
mechanism of genetic rescue following gene flow to 

PTxPT Cross ÅLxÅL
Population/cross

PT Cross ÅL
Population/cross

BA

Figure 8. Genetic load and heterosis in the small isolated population (PT) of the Glanville fritillary butterfly 
(Chapter IV). A. Egg-hatching rate (%) in PT (gray) and Åland (white) and in crosses between PT females and 
males from elsewhere (hatched gray lines). B. Peak flight metabolic rate (residual) in field-collected PT (gray) 
and Åland (white) females and in the female offspring of crosses between PT females and males from elsewhere 
(hatched gray lines). These results show instant and complete fitness recovery in the crosses. (Figure © Mattila A L 
K et al. PNAS 2012; 109: E2496-E2505, URL: http://www.pnas.org.)
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an isolated population (e.g. Westemeier et al. 1998; 
Vila et al. 2003; Madsen et al. 2004; Hedrick and 
Fredrickson 2010), and is strong evidence of high 
fixation load (Whitlock et al. 2000).

There are other studies reporting reduced fitness and 
genetic deterioration in small, isolated populations 
(e.g. Madsen et al. 1999; Rowe and Beebee 2003; 
Puurtinen et al. 2004; Kawamura 2005; Gelatt et 
al. 2010; Clark et al. 2011; Luquet et al. 2011). Our 
results on the Glanville fritillary represent one of 
the greatest recorded fitness declines for a natural 
population. One possible reason for this is that we 
investigated a comprehensive set of traits over the 
entire life cycle, compared to previous studies which 
typically studied only a few fitness components, 
which can lead to an underestimate of the true 
fitness effects (Szulkin et al. 2007). The substantial 
fitness decline reported here for a population with 
knowledge of its population history, as well as the 
available evidence of the mechanism of the fitness 
decline (fixation load), are in agreement with 
models that have predicted a high risk of extinction 
due to mutational meltdown within an order of 100 
generations in populations with an effective size 
smaller than 100 individuals (Lynch et al. 1995a; see 
also Frankham et al. 2014). Our results thus indicate 
that the PT population exemplifies populations with 
a high risk of extinction due to fitness decline caused 

by high genetic load, an increasingly common 
situation in fragmented landscapes.

4.5. FLIGHT CAPACITY AND DISPERSAL IN 
FRAGMENTED AND ISOLATED POPULATIONS 
(II, IV, V)

In the absence of disruptive gene flow, population 
isolation can facilitate local adaptation (Section 1.2.; 
Slatkin 1985; Edmands 2007; Lopez et al. 2009). 
If successful dispersal away from the population 
has become very unlikely or impossible, reduced 
dispersal rate is expected to be selected for (Carlquist 
1966; Cody and Overton 1996; Ronce 2007). In the 
case of the Glanville fritillary population on the PT 
island, we found no clear signals of local adaptation 
in dispersal-related or other traits. Flight metabolic 
rate was greatly reduced in butterflies from PT (Fig. 
9, Chapters IV, II), indicating reduced dispersal 
capacity. However, the reduction in flight metabolism 
is best explained as another consequence of high 
genetic load (Section 4.4.). This claim is strongly 
supported by the finding that flight metabolic 
rate showed complete and immediate recovery in 
PT hybrids, i.e. heterosis (Chapter IV). The gene 
expression differences between the populations 
(Chapter II) suggested that PT butterflies are prone 
to cellular stress and inefficient energy metabolism, 
explaining partly the reduced flight metabolism 
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Figure 9. Examples of CO2 output (ml CO2/h) during 15 min of flight in females (A) and males (B) from the Åland 
(thin dashed lines) and PT (thick solid lines) populations (Chapter IV). (Figure © Mattila A L K et al. PNAS 2012; 
109: E2496-E2505, URL: http://www.pnas.org.)
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but probably also contributing to the reductions 
observed in other fitness proxy traits. This is not 
likely to be adaptive in any population, regardless 
of isolation. Additionally, reduction in dispersal 
capacity was not supported by measures of flight 
morphology: thorax mass was on average smaller in 
PT, but PT females had a higher wing aspect ratio 
(associated with fast flight; Berwaerts et al. 2002) 
and smaller wing loading (generally associated with 
higher capacity for sustained flight; Berwaerts et al. 
2002). Flight activity was reduced especially in PT 
males, but this can hardly be considered adaptive, as 
reduced flight activity of males can greatly decrease 
their mating success (Watt et al. 1996; De Block 
and Stoks 2007). In fact, male mating success was 
significantly compromised in PT. 

The seeming lack of local adaptation in dispersal rate, 
which is likely to be selected against in a completely 
isolated population such as PT, can probably be 
explained by the dominance of random genetic drift 
over natural selection and the fact that butterflies still 
need to fly for other reasons than dispersal in the PT 
population. Drift has resulted in high genetic load 
and markedly reduced genetic variation in the PT 
population (Chapter IV), which is likely to hinder 
adaptation (Amos and Balmford 2001; Frankham 
2005; Swindell and Bouzat 2005). Nonetheless, a 
subsequent study demonstrated that given strong 
enough selection, local adaptation is possible 
even in a genetically deteriorated population such 
as PT (Duplouy and Hanski 2013). Given its 
location in the middle of the Baltic Sea and its low 
topography, the PT island is highly exposed to 
strong sea winds. Butterflies therefore have a high 
risk of being unwillingly blown off to the sea with 
dire consequences. Duplouy & Hanski (2013) 
found that butterflies originating from PT were 
significantly better able to hold on to substrate 
because they had evolved more curved claws in 
their legs. Thus, the PT population may represent 
another example of selection on reduced emigration 
rate from isolated populations (Cody and Overton 
1996; Ronce 2007), although the mechanism is not 
reduced flight capacity but enhanced ability to avoid 
accidental emigration. Such a mechanism is plausible 
in butterflies for which losing flight capacity would 
be detrimental and thus not likely to be selected for 
even in a completely isolated population.

Finally, turning to dispersal of the Glanville fritillary 
at the metapopulation scale, we studied the effects 
of flight capacity on realized dispersal between 
local populations in a natural habitat patch network 
(Chapter V). Here, we used flight metabolic rate, 
Pgi genotype and endurance of tethered flight as 
measures of flight capacity. Pooling the results for 
these different measures, flight capacity was found to 
have opposite associations with dispersal rate in the 
two sexes: females with high flight capacity moved 
more between habitat patches, whereas males 
showing superior flight capacity were less likely 
to disperse. These contrasting results between the 
sexes are likely to be explained by the different roles 
of flight in females and males. Previous studies have 
shown that female mobility can be predicted from 
population demography and landscape structure, 
as females from newly-established and isolated 
populations are particularly mobile (Hanski et al. 
2004; Saastamoinen 2007a; Ovaskainen et al. 2008), 
and more likely to be of the Pgi genotype associated 
with high dispersal capacity (Haag et al. 2005). 
This is because females with high flight capacity are 
expected to be the ones that most frequently establish 
new populations. In contrast, the studies have failed 
to detect similar associations in males (Hanski 2004; 
Hanski et al. 2006). Indeed, the mobility of males 
is more likely to be related to the mating system 
(Merckx and Van Dyck 2005). Male butterflies 
usually adopt either a perching (territorial) strategy, 
or a patrolling strategy (employing within-population 
searching flights) to acquire mates (Scott 1974), and 
these alternative strategies have been shown to be 
reflected in e.g. morphology and thermoregulation 
in other butterfly species (Van Dyck et al. 1997; Van 
Dyck and Matthysen 1998). Successful territorial 
males appear to be adapted to perform fast and 
agile but short flight bouts (Berwaerts et al. 2008). 
Therefore, males that have inferior ability to keep 
a territory may be forced to disperse elsewhere to 
find mates (Bergman and Wiklund 2009), resulting 
in the inverse relationship between male flight 
performance and realized dispersal. 

These contrasting effects of flight capacity on 
dispersal in females and males can result in patterns 
of dispersal evolution in fragmented populations 
deviating from those expected given consistent 
effects in the two sexes. Considering that flight 
metabolic rate is significantly heritable (Chapter 
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I), an especially dispersive mother will produce 
especially dispersive female offspring, but also male 
offspring that are especially unlikely to disperse. 
This could enable the persistence of dispersive 
genes in a local population following establishment. 
However, previous studies show that the average 
mobility of females decreases within a few years 
following population establishment (Hanski et 
al. 2004). This has been explained by the loss of 
the most dispersive females from the population 
through emigration (Hanski and Saccheri 2006; 
Zheng et al. 2009). The present results suggest that 
another contributing factor to this decline in average 
female mobility could be the immigration of males 
that carry genes which are expressed as a sedentary 
phenotype in females. At the same time, this 
example highlights how behavioral differences in the 
sexes can contribute to maintenance of variation in 
dispersal rates in metapopulations. Other important 
factors maintaining variation in dispersal include 
spatially varying selection pressures and interactions 
with thermal conditions (which may further differ 
between the sexes; Chapter III), also the main 
factors maintaining variation in the Pgi gene (Hanski 
and Mononen 2011). These results highlight the 
importance of studying dispersal in both sexes to 
gain a better understanding of the evolution of 
dispersal in fragmented populations. 

5. CONCLUSIONS AND PROSPECTS

In this thesis, I have investigated flight capacity 
and dispersal in the Glanville fritillary butterfly 
from multiple perspectives, building upon the 
vast knowledge available for this ecological model 
species. The causes, consequences, mechanisms and 
evolution of dispersal is a timely topic due to the key 
role of dispersal for the persistence of populations in 
the face of habitat fragmentation and climate change. 
I have approached these questions from the gene 
to the population and the metapopulation levels, 
attempting to contribute to the understanding of 
the molecular and physiological basis of intraspecific 
variation in flight and dispersal capacity, as well 
as to our knowledge of how dispersal rate may 
evolve in response to population isolation, habitat 
fragmentation and changes in environmental 
conditions. A completely isolated small population 
of the Glanville fritillary served as a natural 

experiment demonstrating the detrimental genetic 
and fitness consequences of long-term complete lack 
of gene flow. A multilevel approach and empirical 
knowledge from a range of different model species 
will contribute to developing a unified cross-species 
framework for the ecology and evolution of dispersal 
(Nathan et al. 2008). Many of the processes that 
influence dispersal in the Glanville fritillary are 
also likely to be applicable to many other species of 
insects and invertebrates.

As could be readily expected based on the complexity 
of dispersal as a trait, the results of this thesis show 
that the genetic basis of flight and dispersal capacity 
extends greatly beyond limited single gene effects, 
such as those of the Pgi genotype. Associations of 
flight metabolic rate with genes of very different 
functions and part of various cellular processes 
highlight this complexity. The present studies add 
to evidence showing that sugar metabolism, aerobic 
respiration, stress responses, the immune system 
and susceptibility to hypoxia all play significant roles 
in defining flight capacity of the Glanville fritillary 
butterfly. Both allelic variation and variation in 
gene expression patterns were demonstrated to be 
important. The results indicate that differences in 
flight capacity between the sexes and populations 
may at least to some extent be predictable from 
levels of flight-induced changes in gene expression 
in major metabolic pathways. Furthermore, flight 
metabolic rate, an important proxy of dispersal rate, 
was shown to have a significant heritable genetic 
basis, demonstrating that flight metabolic rate has 
the potential to respond to selection on dispersal 
capacity. It remains a challenge for future studies 
to find out how much of the extensive variation 
in the expression of the flight-responsive genes 
contributes to this heritability. The gene groups 
here identified can also be utilized for assessing the 
relative importance of different genes and cellular 
functions for flight capacity using experimental 
approaches. The fully sequenced genome of the 
Glanville fritillary (Ahola et al., unpublished) will 
facilitate association studies with extensive scans of 
large numbers of SNPs, which are likely to elucidate 
further the genetic basis of flight and dispersal. 

	Because of changing climate, gaining knowledge on 
the effects of temperature on movement and dispersal 
of different species is imperative. Temperature has 
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been known to be a major factor influencing the 
flight activity of ectothermic butterflies especially 
in temperate climates. In this thesis, I show that 
the rate of metabolism during flight can have 
significant but sex-specific consequences for the 
thermal performance of individual butterflies. 
Male butterflies with high flight metabolic rate 
were shown to have an advantage in low ambient 
temperatures because their body temperature cooled 
down at a lower rate during flight. Although such an 
effect is known from among-species comparisons, 
the present study is possibly the first to demonstrate 
the significance of intraspecific variation in flight 
metabolism on flight performance in relation to 
thermal conditions. The results also suggest that 
individuals having an advantage in low ambient 
temperatures can be susceptible to overheating at 
higher temperatures, and that high temperatures 
experienced during earlier developmental stages 
can have deleterious consequences for adult flight 
capacity. Thus, in the future, selection may favor 
individuals with tolerance of high temperatures 
over individuals with overall higher flight capacity. 
Evolution of dispersal may become constrained 
in stressful thermal conditions if environmentally 
induced variation overrides heritable genetic effects, 
as was suggested by the present heritability estimates 
in different thermal regimes. These results highlight 
mechanisms by which changes in climatic conditions 
are likely to significantly influence the evolution of 
butterfly flight and dispersal capacity in the future.

	In the case where a population becomes completely 
isolated with no possibility of successful dispersal, 
reduction in dispersal rate is expected to be selected 
for. Investigating flight capacity from the molecular 
level to the physiology and morphology of 
individuals originating from a small isolated island in 
the Baltic Sea, we found no clear adaptive reduction 
of dispersal rate. This may be explained by the fact 
that flight is crucial for practically all activities during 
the adult life of a butterfly, and hence flight capacity 
is unlikely to be strongly selected against even in 
completely isolated populations. A follow-up study 
suggested that reduced probability of accidental 
emigration from a small windy island can be under 
strong selection, and local adaptation may hence take 
place even in genetically compromised populations 
(Duplouy and Hanski 2013). These studies reflect 
the relative importance of natural selection and 

genetic drift on the evolution of dispersal in small 
and isolated populations. At the level of population 
networks (metapopulations), flight capacity was 
found to have contrasting effects on realized 
dispersal between habitat patches in the two sexes. 
Thus, females with high flight capacity were more 
dispersive, but the opposite was true for males. This 
result highlights a common theme throughout the 
thesis: females and males differ greatly in flight- and 
dispersal-related traits at the molecular, physiological 
and morphological levels, and in the way in which 
they respond to environmental conditions, which 
is reflected in their dissimilar dispersal behaviors. 
Therefore, selection can be expected to act differently 
in the two sexes. To understand the evolution of 
dispersal, these differences need to be accounted for.   
	
Finally, the crucial importance of dispersal as 
a mechanism maintaining gene flow between 
populations is demonstrated by the studies on the 
consequences of long-term complete isolation in the 
small island population of the Glanville fritillary. The 
results showing significant loss of genetic diversity, 
substantially reduced fitness and its complete and 
instant recovery in hybrids (heterosis) present strong 
evidence for reduced population viability due to a 
high load of deleterious mutations that have become 
fixed or increased to high frequency. This butterfly 
population serves as an example of the increasingly 
common situation in human-fragmented landscapes, 
in which small and completely isolated populations 
may become more vulnerable to extinction due to 
high genetic load. This risk should be acknowledged 
as a particularly serious concern for conservation 
as genetic load may erode population viability in 
an irreversible way. Maintaining gene flow between 
small populations is imperative for their long-term 
persistence.
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