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“Crawling at your feet,” said the Gnat … “you may observe a Bread-and-Butter-fly. …”
“And what does it live on?”
“Weak tea with cream in it.”

A new difficulty came into Alice’s head. “Supposing it couldn’t find any?” she suggested.
“Then it would die, of course.”

“But that must happen very often,” Alice remarked thoughtfully.
“It always happens,” said the Gnat.

- Lewis Carroll
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ABSTRACT

ABSTRACT

With increasing global warming and habitat 
fragmentation, environmental conditions are 
becoming more variable, and the risk and prevalence 
of diseases may increase in nature. As a consequence, 
many species have to adapt or respond to rapid changes 
in their environment. Ectotherms, such as insects, are 
thought to be especially prone to such changes and 
thus are interesting and relevant species for assessing 
life-history responses towards variable conditions. 

In my thesis, I investigated how the Glanville fritillary 
butterfly responds to different environmental 
conditions, and how this translates to fitness-related 
traits and offspring performance. I was further 
interested in the potential positive and negative 
correlations between immunity and other life-history 
traits. I used experimental approaches conducted in the 
laboratory to generate changes in individual condition, 
resulting from variable environmental conditions that 
were induced via altered nutrition, bacterial and viral 
infection or via forced flight. Flight was included, as 
it represents a key life-history trait for this species 
and is a stressful and energy demanding physiological 
process. I compared female reproductive strategies, 
but also assessed how male contribution to female 
reproduction was affected by variable conditions. 
Moreover, I assessed potential trans-generational 
effects on the offspring, and whether the strength or 
direction of the effect depended on the type of poor 
condition the individual experienced. 

Overall the results of this thesis suggest that the 
Glanville fritillary butterfly is highly sensitive to its 
surrounding environment, and is able to rapidly change 

its reproductive strategy according to the conditions it 
experiences. While more optimal conditions lead to 
higher offspring quantity, poor or stressful conditions 
often result in the production of fewer but of higher 
quality offspring, indicated by e.g. increased hatching 
success. An increase in offspring quality further 
translates to increased offspring performance in 
response to nutritional deficit, thus implying adaptive 
trans-generational effects. Flight, a key trait in many 
organisms, has been previously shown to interact with 
immune response in the Glanville fritillary butterfly. 
Results from this thesis confirmed this relationship 
but suggest that the relationship is a general stress 
response rather than an adaptive response to cope with 
infections. 

Bacterial and viral infections drastically reduce 
lifespan, and hence have the potential to influence 
population dynamics. Responses to variable 
environmental conditions including risk of infection 
are complex in the wild, as several conditions are often 
acting simultaneously, making it difficult to generalize 
the observed results. However, the data of this thesis 
provides important insights in condition-dependent 
responses of the Glanville fritillary butterfly to stress, 
and how this translates to fitness-related traits and 
even offspring performance. Further studies on the 
adaptive nature and underlying mechanisms behind 
the observed responses will further contribute to our 
understanding of the drivers of maintenance of life-
history variation and evolution in this species.



TIIVISTELMÄ

TIIVISTELMÄ

Ilmaston lämpenemisen ja elinympäristöjen 
pirstoutumisen seurauksena elinolosuhteet luonnossa 
muuttuvat vaihtelevammiksi, ja riski erilaisten 
tautien yleistymiselle ja leviämiselle saattaa kasvaa. 
Lajien täytyy luonnossa pystyä sopeutumaan 
nopeasti muuttuvaan ympäristöönsä. Varsinkin 
vaihtolämpöisten eläinten, kuten hyönteisten, 
katsotaan olevan alttiita näille muutoksille, ja ne ovat 
siten erityisen mielenkiintoisia tutkimuskohteita, kun 
halutaan perehtyä lajien vasteisiin elinympäristön 
muuttuessa vaihtelevammaksi.

Väitöskirjassani tutkin täpläverkkoperhosen vasteita 
erilaisiin ympäristöolosuhteisiin, ja miten ne siirtyvät 
sekä perhosen kelpoisuuteen liittyviin ominaisuuksiin 
että jälkikasvun menestykseen. Tutkimuksessani olin 
erityisesti kiinnostunut mahdollisista positiivisista ja 
negatiivisista korrelaatioista yksilöiden immuniteetin 
ja muiden elinkierron kannalta olennaisten 
ominaisuuksien välillä. Laboratoriokokeiden avulla 
muokkasin perhosten kuntoa jäljitellen tilannetta, 
jossa yksilöiden kunto olisi seurausta muuttuneista 
elinolosuhteista, mukaan lukien muutoksista ravinnon 
saannissa, bakteeri- ja virusinfektioissa tai perhosen 
lentämisestä koituvista kustannuksista. Perhosten 
lentäminen on elinkiertoon liittyvistä ominaisuuksista 
avainasemassa, sillä se on fysiologisena prosessina 
rasittava ja paljon energiaa vaativa. Tutkimuksissani 
vertailin naarasperhosten lisääntymisstrategioita, ja 
lisäksi myös missä määriin vaihteleva ympäristö vaikutti 
koiraiden panokseen naaraiden lisääntymiseen. Tutkin 
missä määrin vaihtelevien ympäristöolosuhteiden 
vaikutukset näkyivät jälkikasvussa sukupolvien yli 
ja missä määrin mahdolliset vaikutukset riippuivat 
elinolosuhteiden, ja siten perhosyksilöiden kunnon 
muutosten suunnista ja voimakkuuksista.

Tutkimustulokseni viittaavat siihen, että täpläverkko-
perhonen on erittäin herkkä elinympäristönsä 
suhteen. Se pystyy nopeasti muuttamaan lisääntymis-

strategiaansa ympäristönsä mukaan — optimaalisissa 
olosuhteissa perhonen tuottaa enemmän jälkikasvua, 
kun taas heikkolaatuisessa ja muuten rasittavassa 
ympäristössä se tuottaa usein määrällisesti vähemmän 
mutta laadullisesti korkeatasoisempaa jälkikasvua, 
josta on merkkikä esim. kasvanut kuoriutumisen 
onnistuminen. Laadullisesta paremmuudesta johtuen 
jälkikasvu menestyy paremmin huonommissa ravinto-
olosuhteissa, ja siten nämä muutokset perhosten 
lisääntymisstrategiassa välittyvät sukupolvien yli. 
Lentäminen on monille organismeille avainasemassa 
oleva osa elinkiertoa, ja aiemmat tutkimukset ovat 
osoittaneet yhteyden täpläverkkoperhosten lentämisen 
ja immuunivasteen välillä. Väitöskirjatutkimuksen 
tulosten perusteella kyseinen yhteys on olemassa, 
mutta yhteys liittyy enemmän perhosten yleiseen 
stressivasteeseen rasituksesta johtuen kuin niiden 
sopeutumiseen infektioihin.

Bakteeri- ja virusinfektiot lyhentävät yksilöiden 
elinikää merkittävästi, ja siten ne voivat vaikuttaa 
merkittävästi lajien populaatiodynamiikkaan. 
Vasteet muuttuvaan elinympäristöön, mukaan lukien 
kasvavaan infektioriskiin, ovat monimutkaisia, ja 
useat eri olosuhteiden muutokset vaikuttavat näihin 
vasteisiin yhtäaikaisesti. Havaittujen ilmiöiden 
yleistäminen on siten haastavaa, mutta siitä 
huolimatta tämän tutkimuksen tulokset syventävät 
ymmärrystämme täpläverkkoperhosen vasteista 
ympäristön aiheuttamaan rasitukseen, ja miten 
ne näkyvät ominaisuuksissa sukupolvien yli sekä 
jälkikasvun suorituskyvyssä. Tutkimuksessa havaittujen 
prosessien taustalla olevien mekanismien ja niiden 
adaptiivisuuden arviointi vaatii lisätutkimuksia. Niiden 
avulla voitaisiin edelleen syventää ymmärrystämme 
täpläverkkoperhosen elinkierron vaihtelevuutta ja 
evoluutiota ajavista voimista.



    GLOSSARY 

Term Definition

Condition-
dependence

Condition-dependency reflects changes in an organism’s internal state or condition 
as a response to changes in the environment. These changes are able to result in 
changes in behaviour or life-history. 

Fitness Often defined as the probability (s(x)) that the individual (with an array x of 
phenotypes) will be included among the group selected as parents of the next 
generation. In this thesis fitness is measured as the number of offspring produced 
by an individual.

Fitness-related trait A trait closely linked with individual’s fitness. For example, growth, body size, 
clutch size or survival.

Flight-related trait Flight-related traits involve morphological or physiological characteristics that 
are assumed to influence flight performance, flight capacity and flight speed, and 
potentially even dispersal. Examples include body mass, wing shape, wing size, and 
thorax size.

Food-deprivation Reflects a condition in which an individual is not given nutrition at all (see 
comparison with food-restriction). Here, this treatment was carried out in Chapter 
I and II during adult stage where individuals were provisioned with water only 
instead of 20% honey:water solution.

Food-restriction Reflects a condition in which less nutrition is provided to the individual.  Here, 
this treatment was carried out in Chapter II during larval development, where 
individuals experienced two intermittent days of no food in the final seventh instar. 

Nuptial gift An item provided in many invertebrates by a male to a female prior to mating 
or during copulation. The nature of the gift is often specific to the species. In 
Lepidoptera, a spermatophore is transferred and comprises sperm but also 
additional resources and hormones.

Phenotypic 
plasticity

Production of different, alternative phenotypes from a single genotype, dependent 
on the experienced environment. The reaction norm is an important analytical tool 
to assess phenotypic plasticity. It defines the response curve of a given phenotypic 
trait to an environmental gradient and thus links genotypic, environmental and 
phenotypic variables. 

Reproductive 
strategy

A set of behavioural, morphological and physiological adaptations that facilitate 
access to potential mates, improve the chances of mating and fertilization and 
enhance offspring survival. 

Resistance The ability of the host to limit parasite burden during an infection, measured 
as a proportion of uninfected individuals or as the inverse parasite load. Forms 
of resistance include behavioural strategies and barriers to avoid the spread of 
infection but also processes that limit or rapidly clear the infection in a host. 
Inhibition of the spread results from reduction of reproductive potential and 
survival of the parasite.  

Stress Allows organisms to respond to adverse environmental pressures. Often used 
to describe negative treatments applied to organisms in an experiment, such as 
nutritional, heat or oxidative stress.

Trade-off Describes a situation in which a beneficial change in one trait causes a negative 
change in another trait. 

Trans-generational 
effect

Transmittance of information from one generation of an organism to the next that 
includes all effects on the offspring phenotype associated with the genotype and/or 
environment experienced by the parents resulting from the transmission of factors 
other than simple nuclear DNA sequences.
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1 INTRODUCTION

1.1 -
-

Darwin’s observation that traits vary among individuals 
with regard to morphology, physiology and behaviour 
(phenotypic variation), and that trait variation leads to 
differences in survival and reproduction (differential 
fitness), and that the traits have a heritable basis, led 
to his theory of evolution by natural selection (Darwin 
1859). A central aim in evolutionary biology is to 
understand the mechanisms of natural selection that 
in successive generations produce individuals that are 
better adapted to their environment and hence have 
higher fitness. Life-history describes what lies between 
birth and death of an individual and the field of life-
history theory investigates how natural selection 
shapes the life-history of an individual. There are 
numerous life-history traits, including age and size at 
maturity, reproductive success, number and size of 
offspring, senescence, longevity and so forth. These 
traits often have a genetic basis (Mousseau and Roff 
1987) but also depend on the physical and ecological 
environment of an individual, creating different trait 
variants. Life-history evolution tries to understand 
differences in fitness resulting from these different life-
history variants and to determine factors that maintain 
such variation. Typically trait variation is greater 
between than within species, however, a considerable 
variation in life-histories between populations of the 
same species has been observed (Roff 2002). For 
the understanding of ecological and evolutionary 
questions, the investigation of key reproductive traits 
is relevant, as they define the individual’s fitness (Roff 
2002, Stearns 1992). Such traits include e.g. age 
at maturity and at reproduction, intervals between 
reproductive events, offspring size and number, and 
lifespan (Roff 2002). 

Life-history traits however do not evolve independently 
but are often connected at the developmental, genetic 
and physiological level (Flatt et al. 2005). Thus, 
several traits often share a common resource pool and 
differential allocation of resources to competing life-
history functions such as growth, somatic maintenance 
and reproduction can lead to trade-offs (Zera and 
Harshman 2001; see Glossary). One key assumption 
therefore is that specific traits are often constrained 
by trade-offs with other life-history traits (Zera and 
Harshman 2001). Such negative relationships between 
traits are interesting based on the constraint itself 
but also due to the assumption that constraints can 
maintain life-history variation in natural populations 
(Roff 2002, Stearns 1992). Trade-offs further depend 
on various factors including how many traits share the 
same resources or pathways, how they are connected 
and interact, but also when the interaction occurs 
(developmental vs. adult stage) and if resources vary 
over time (Zera and Harshman 2001). The most 
common life-history trade-offs include those between 
offspring size and offspring number, body size and 
developmental time and flight and reproduction 
(Lemaitre et al. 2015, Roff 2002). Trade-offs between 
life-history traits are expected to be more evident 
under more stressful environmental conditions (see 
Glossary for a definition for stress), especially when 
considering physiological trade-offs that involve 
resource allocation (van Noordwijk and de Jong 
1986, Zera and Harshman 2001). Thus, individuals 
with access to higher quality nutrition might mask 
underlying trade-offs, as they can afford to allocate 
more nutrients in several traits (van Noordwijk and de 
Jong 1986). Research on the importance of nutrition 
levels and availability in life-history evolution is more 
important nowadays in times when anthropogenic 
changes like habitat fragmentation are increasing. 

The phenotype of an individual is influenced by its 
genotype but also by the environmental conditions 



it experiences. Phenotypic plasticity defines the 
ability of an organism to express different phenotypes 
with one single genotype, as a response to different 
environmental conditions (Stearns 1989; see 
Glossary). The concept of phenotypic plasticity 
is extremely complex, as it involves processes 
on the genetic level (gene expression) but also 
morphological, physiological, and behavioural traits 
(West-Eberhard 2003). Plasticity can be further 
divided based on the timing of the environmental 
condition experienced. In the case of developmental 
plasticity the cue from the environment is perceived 
during the developmental stage, and the changes in the 
altered phenotype are often irreversible, for example 
those modifying morphology. When plasticity occurs 
during the adult stage it is known as acclimation and 
is often reversible. Phenotypic plasticity can result in 
negative effects as a response to physical or chemical 
sensitivity to the environment, however, positive 
effects increasing individual fitness are often observed, 
and describe so-called adaptive phenotypic plasticity. 
Seasonal polyphenism, for example, represents an 
extreme form of adaptive phenotypic plasticity, 
whereby alternative discrete phenotypes develop in 
response to environmental variation (Moran 1992). 
This form of plasticity is common in butterflies and is 
often induced by thermal conditions or photoperiod 
to create different morphs adapted to different 
seasons. Phenotypic plasticity is a major component 
of phenotypic variation and has reached increasing 
attention in evolutionary biology and ecology (West-
Eberhard 2003).

1.2 
TRANS-

Reproductive strategies (see Glossary) play a major 
role in population dynamics as well as the survival of 
a species. As resources obtained from the environment 
have to be allocated to somatic maintenance but also 
reproduction in order to maximize fitness, evolution 
can lead to different and flexible reproductive strategies 
in many organisms (Fox and Czesak 2000, Svensson and 
Sheldon 1998). Fecundity is of great interest in studies 
focusing on life-history theory, as it is related to resource 
allocation and thus, trade-offs are expected with other 
life-history traits as described in the previous section. 
Fecundity represents a highly plastic trait and, for 
example, egg production in insects is mainly affected by 

environmental conditions such as nutrient quantity and 
quality or temperature (Ernsting and Isaaks 1997, Fox 
and Czesak 2000, Mangel 1987). Female reproductive 
strategies have been of interest for a long time, as 
reproduction is often more costly in females compared 
to males (Arnqvist and Rowe 2005, Gilg and Kruse 
2002, Kemp and Rutowski 2004). Insects represent 
interesting and valuable study organisms to investigate 
investment into reproduction and adjustment of 
reproductive strategies, as they are generally highly 
plastic, often have a short generation time and are 
relatively easy to rear in the laboratory. In insects, 
males further are able to contribute to female egg 
production and somatic maintenance via the transfer of 
a spermatophore that contains nutrients, hormones and 
sperm (Boggs and Gilbert 1979, South and Lewis 2012, 
Voigt et al. 2008). In many butterflies, for example, the 
size of the spermatophore is correlated with female 
lifespan (Oberhauser 1997, Simmons 1990), fecundity 
(Rutowski et al. 1987) and offspring quality and survival 
(Jones et al. 2000, Karl and Fischer 2013, Wiklund et 
al. 1993). Thus, ecological factors influencing quantity 
or quality of the spermatophore might have an effect on 
male but also female reproductive performance. 

Environmental conditions not only affect quantity of 
offspring but also their quality. The definition of quality 
varies in the literature, however, good quality is often 
assumed to be indicated by for example higher body 
mass, hatching success, and survival among other traits. 
While traits like egg size and composition as well as 
hatching success can give indications of the quality of the 
offspring, assessments of the long-term performance of 
the offspring is valuable when investigating reproductive 
strategies. Such assessments are, however, relatively 
rare. Not only the present environment but also the 
past environmental conditions experienced by parents 
have the potential to shape an individuals’ phenotype 
and fitness. (Mousseau and Fox 1998, Refsnider and 
Janzen 2010, Talloen et al. 2004). Poor conditions, for 
example, are generally thought to have negative effects 
not only on the individual itself but also on its offspring. 
The effect of nutritional deficits, especially during early 
development, have been considerably investigated and 
shown to have a tremendous and even permanent effect 
on the adult but also on the offspring (Donelson et al. 
2009, Metcalfe and Monaghan 2001) and is generally 
associated with negative effects on traits like stress and 
disease resistance (see Glossary), body size, survival and 
secondary sexual trait expression (Andersen et al. 2010, 
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Lummaa and Clutton-Brock 2003, Taborsky 2006, 
Vargas et al. 2013, Waterland and Jirtle 2004). Trans-
generational effects are considered to be adaptive when 
parents are able to match the offsprings’ phenotype to 
changes in the environment in order to buffer them 
from stressful conditions, reflecting an advantage later 
in life (Agrawal et al. 1999, Mousseau and Dingle 
1991). Even though a human fetus developing under 
maternal undernutrition or stress during gestation can 
result in smaller offspring with permanently altered 
metabolism, such change in the offspring phenotype, 
for example, might be an advantage under similar future 
environment (Gluckman et al. 2005). However, as 
parents cannot always predict the future environment of 
their offspring, a parent-offspring conflict might occur 
with disadvantageous responses for the parent, the 
offspring or even both (Uller 2008). Thus, the evolution 
of adaptive trans-generational effects (see Glossary) 
is favoured when there is enough temporal or spatial 
variation in the environment for both generations, if the 
environmental conditions of the offspring generation 
are predictable (Leimar and McNamara 2015, Uller 
2008) and if the costs for receiving and transmitting the 
information are low for both generations (Uller 2008, 
van den Heuvel et al. 2013). 

Most of the research on trans-generational effects has 
focused on plants, mammals and birds. However, an 
increasing number of studies have acknowledged the 
importance of trans-generational effects also in many 
invertebrates, including insects (Mousseau and Dingle 
1991, Roth et al. 2010, Woestmann and Saastamoinen 
2016). While Lepidoptera, more specifically butterflies, 
have been commonly used as a model system to investigate 
the role of phenotypic plasticity within generations, 
trans-generational studies are still lagging behind. 
As ectotherms, butterflies are very sensitive to their 
environment and thus can be easily affected by changes 
of external factors. Many butterflies show adaptive 
phenotypic plasticity to environmental conditions, thus, 
making these species valuable organisms to investigate 
trans-generational effects. Phenotypic plasticity as well 
as seasonal polyphenism in these species might indicate 
that adaptive trans-generational effects are equally 
existent. Additionally, the fact that males transfer 
nuptial gifts (see Glossary) during the mating act allows 
to assess not only maternal but also paternal effects in 
a more concrete manner, a side that is less well studied 
so far. Adaptive trans-generational responses might be 
more common in species experiencing seasonal and 

thus more predictable environments. Hence, bigger 
shifts between parent and offspring environment and 
a larger mismatch between the parental prediction and 
the actual environmental condition experienced by the 
offspring might be expected in univoltine species. An 
obligatory diapause, for example, that might last for 
several months therefore might impair the ability to 
predict a future environment of the offspring. 

1.3 - A MAJOR TRAIT 

One of the biggest influences on an individuals’ 
performance is to be taken sick due to the encounter 
of pathogens. The evolution of the immune system is 
a crucial factor in the life of any species, as parasitic 
infections may have a strong adverse effect on the host’s 
fitness. Therefore, there is strong selection pressure 
on a highly effective immune system that is able to 
discriminate between self and non-self (Decaestecker 
et al. 2007, Mone et al. 2010). Vertebrates and 
invertebrates have evolved different strategies for the 
effective response towards pathogens and parasites. 
Whereas vertebrates have developed a highly effective 
and adaptive immune system against host-specific 
parasites (Mowlds et al. 2008), invertebrates possess 
a simpler immune response (Klein 1989), and rely 
on a diverse innate immune system. Such innate 
immune system can be found in all metazoan lineages, 
as it represents an ancient defence response (Janeway 
and Medzhitov 2002, see Box 1 for details on insect 
immunity). 

The field of ecological immunity is a relatively 
young area of research that tries to understand how 
physiology and ecology interact in the context of 
disease evolution and what factors influence immune 
responses in natural populations. Various ecological 
factors can influence the diversity and complexity 
of the immune system (Schulenburg et al. 2009). 
Interaction and co-evolution with parasites represents 
a major driver for ongoing adaptation and evolution 
of the immune response. The fact that hosts have to 
deal with an unpredictable set of different types of 
parasites has led to the need of flexibility and diversity 
of recognition signals (Mone et al. 2010, Schulenburg 
et al. 2009). Several abiotic and biotic factors have 
shown to, positively or negatively, influence immune 
response. Nutrient availability, the composition of gut 
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BOX 1: IMMUNE RESPONSE IN INSECTS

Once a parasite breaks through the exoskeleton, it passes the haemocoel and faces the systemic immune 
response, a complex interaction of cellular and humoral components (Hoffmann 2003, Lemaitre and 
Hoffmann 2007). The innate immune response is carried out via two main tissues, the haemolymph 
containing haemocytes and the fat body, a large organ in the open circulatory system of the body cavity 
(Lemaitre and Hoffmann 2007). Main functions of the innate immune response include phagocytosis and 
encapsulation via haemocytes, proteolytic cascades leading to coagulation and melanisation, and secretion of 
antimicrobial peptides (AMP) (Hoffmann 2003). 

Pathogens are identified by germline encoded pattern recognition receptors (PRR) that get in contact with 
pathogen associated molecular patterns (PAMP) (Janeway and Medzhitov 2002, Lemaitre and Hoffmann 
2007). PAMPs include microbial cell-wall components, such as lipopolysaccharide (LPS), peptidoglycan and 

-1,3-glucan that seem to be evolutionarily conserved and thus not under positive selection in host-parasite 
co-evolution (Janeway and Medzhitov 2002). Haemocytes are able to encapsulate or engulf (phagocytize) 
pathogens, and thus remove or segregate them from the system (Strand 2008). Wounding and especially 
infection via pathogens further results in melanisation, the production and deposition of melanin pigments 
on the invading pathogens (Marmaras et al. 1996). This process is regulated by a proteolytic cascade upon 
detection of PAMPs and catalysed by phenoloxidase (PO), a molecule circulating in the haemolymph and 
deposited in an inactive form (pro-phenoloxidase (PPO)) on the cuticles. Pro-phenoloxidase activating 
enzyme (PPAE), a serine protease, activates PPO into PO, which subsequently catalyses mono- and diphenols 
to orthoquinones, which polymerize into melanin (De Gregorio et al. 2002). Even though melanisation is an 
effective way of killing microbes within the host, its intermediate products are toxic (Cerenius and Söderhall 
2004), and excessive melanisation can result in defects during the development of cuticles and wings and 
even lead to the death of the host (De Gregorio et al. 2002). Thus, melanisation is tightly regulated by serine 
protease inhibitors (serpin), which are expressed soon after the activation of the immune system and block 
the cleavage of PPO into PO (De Gregorio et al. 2002). 

Once the parasite is recognized, the fat body starts to secrete AMPs into the haemolymph, where they can 
directly kill the pathogen. They are effective against bacteria, fungi, parasites and in some cases enveloped 
viruses (Hoffmann 2003). While 21 different AMP genes have been identified that belong to seven gene 
families (Bulet et al. 1999, Irving et al. 2001) in the Dipteran Drosophila, the Lepidopteran Bombyx mori 
possesses 35 AMP genes that belong to six gene families, of which two seem to be unique for Lepidoptera 
(Cheng et al. 2006). The secretion of AMPs is regulated via the Imd and the Toll signalling pathways, which 
are orthologously conserved and become activated via different types of pathogens (Lemaitre and Hoffmann 
2007, Figure 1). However, both pathways are able to interact whereby a co-regulated AMP expression is 
possible (Shrestha and Kim 2010).

microbiota and temperature, for example, have shown 
to alter parasite resistance (reviewed in Schulenburg 
et al. 2009). Furthermore, the genetic background 
is important, as some host genotypes might be more 
immunocompetent in one environment but not in 
another (Lazzaro and Little 2009). It is noteworthy, 
that immunity comes with a cost, as resources are 
usually limited, resulting in potential trade-offs with 
other fitness-related traits (see Glossary). Commonly 
observed trade-offs for immune response are those 
with reproduction, growth and sexual ornamentation 
(Sheldon and Verhulst 1996). Thus, the activation of 

the immune system is related to individual’s nutritional 
and developmental stage in order to minimize potential 
negative effects on other life-history traits. Based 
on Bateman’s principle, the two sexes should vary 
in their immune investment due to their differences 
in life-history (Rolff 2002). Females are thought to 
have higher immune investment than males, as their 
reproduction depends on their longevity while males 
are able to invest in number of matings. Indeed, males 
have shown to be more susceptible to infections, have 
often higher parasite loads, and recover more slowly 
from infections (Schmid-Hempel 2011).
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Figure 1. Schematic overview of the Toll and Imd pathways. The Toll pathway is mainly activated upon fungi and 
Gram-positive bacteria and the Imd pathway by Gram-negative bacteria. Left: The Toll receptor does not recognize 
parasites directly and gets activated by binding with a cleaved form of Spätzle. This pro-Spätzle is produced after 
a pattern recognition receptor (GNBP, PGRP) bound to an epitope of a pathogen (PAMP). Binding of Spätzle to 
the Toll receptor leads to the recruitment of intracellular death-domain containing proteins (MyD88, Tube, Pelle). 
By an unknown mechanism, Cactus is phosphorylated and degraded, which results in the release of Dif and Dorsal 
transcription factors that move from the cytosol to the nucleus. Right: In the Imd pathway the receptor (PGRP-LC) 
is able to directly bind pathogens leading to the recruitment of Imd. Imd interacts with dFADD which in turn binds 
Dredd, a caspase that is thought to associate with Relish that might get cleaved immediately upon phosphorylation. 
Once Relish gets cleaved, the Rel domain translocates to the nucleus and the inhibitory domain remains in the 
cytoplasm. The concrete roles of the IKK complex and TAK1 and DIAP2 are not fully understood (abbreviations: 
TIR = Toll-IL1 receptor domain, DD =death domain, DED =death-effector domain, ANK =ANKyrin repeats, Rel 
=Rel homology domain, RING =RING finger domain, BIR =Baculovirus IAP repeat, SPE =Spätzle processing 
enzyme (from Lemaitre & Hoffmann 2007)).



2 AIMS OF THE THESIS

In this thesis I have been particularly interested in 
how different environmental conditions shape the 
individual, its fitness and fitness-related traits as well as 
the individuals’ investment into its offspring. My work 
builds on previous knowledge in the Glanville fritillary 
butterfly that have shown how poor conditions during 
larval development negatively affect life-history and 
even adult fitness, and that these effects may even 
translate to an adaptive response in the offspring. A 
variety of different treatments are experimentally 
induced, including food-restriction and food-
deprivation (see Glossary), infection and increased 
flight, in order to create stressful and suboptimal 
conditions for the individuals. A schematic overview 
of this thesis is presented in Figure 2. More specifically, 
this thesis has the following aims:

Firstly, I tested if females of the Glanville fritillary 
butterfly adjust their reproductive strategy when 
experiencing poor or stressful conditions in their 
environment, and whether such responses depend 
on the type of stressor experienced (I, III). More 
specifically, I was interested if females would invest 
in offspring quantity or quality when facing stressful 
conditions, as under constrained conditions resources 
may be traded-off between somatic maintenance 
and reproduction. I further assessed potential trans-
generational effects under stressful conditions (I). 

Secondly, I assessed how males and the conditions they 
experience influence female fitness. I was specifically 
interested if male investment into reproduction differs 
depending on the type of condition they experience. 
I assessed investment into spermatophore size, which 
can influence female reproduction (II), but also 
male investment into reproduction more directly by 
measuring their influence on lifetime egg production 
or hatching success (I). I further tested if environmental 
conditions of the male transfer to the next generation 
via paternal effects (I).

Thirdly, as infections represent a constant threat for 
individuals in natural environments, I examined the 
immune response towards different pathogens in the 
Glanville fritillary butterfly. To do so I established 
bacterial and viral infection in both larval and adult 
stage for this system (III, IV). 

Finally, flight is known to be one of the most stressful 
and energy demanding physiological processes, yet it 
is crucial for insect life-history. I therefore assessed the 
relationship between immunity and flight (IV, V). More 
specifically, I investigated whether infections modify 
individual investment to wing characteristics including 
wing melanisation (IV), which is important from a 
thermoregulatory perspective. I further assessed the 
previously observed positive relationship between 
flight and immune response and tried to disentangle 
whether such relationships are due to general stress 
responses or are an adaptive response to cope with an 
altered pathogen quantity or quality due to dispersal 
into new habitats (V).

3 METHODS

3.1 –

The Glanville fritillary butterfly (Melitaea cinxia, 
Melitaeini: Nymphalidae) has a wide Palearctic 
geographical range and is found across Europe, North 
Africa and West Asia (Nieminen et al. 2004). In Finland, 
the Glanville fritillary butterfly is only present in the 
Åland islands, an archipelago in the Baltic Sea south-
west of mainland Finland. In the Åland islands the 
habitat is highly fragmented in the landscape, and hence 
the butterfly persists as a classic metapopulation in a 
large network of habitat patches of dry meadows and 
pastures within an area of 50 x 70 km (Hanski 1999, 
Ojanen et al. 2013). The network consists of around 
4000 habitat patches of which 500-800 are occupied 
in a given year. With around 100 local extinctions and 
re-colonisations every year, the turnover rate of the 
typically small local populations is very high (Nieminen 
et al. 2004, Ojanen et al. 2013). Biannual surveys of 
the whole population enable sampling of individuals 
for experiments but also provide phenotypic and 
distribution data (Ojanen et al. 2013). 

In Finland the butterfly undergoes obligatory diapause 
and has one generation per year (Figure 3). Upon 
hatching, larvae feed for five instars on one of the two 
host plants, Plantago lanceolata and Veronica spicata, 
before they overwinter in a densely span silken web in 
a family group (Kuussaari et al. 2004). In the spring, 
larvae continue feeding for two more instars before 
they pupate. Females emerge a few days later than 
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males and carry the full number of oozytes in their 
ovarioles. Females mostly only mate once in the wild 
(re-mating frequency <10%, Boggs and Nieminen 
2004), whereas males tend to re-mate more often 
(~36%, Boggs and Nieminen 2004) with more than 
three matings observed under semi-natural field 
conditions (Duplouy et al. 2013). Females lay their 
eggs in several clutches of 130-190 eggs on average 
(Saastamoinen 2007) and the lifetime egg production 
can be more than 1000 eggs. Larval survival is positively 
correlated with group size, which makes clutch size an 
important fitness measure. Adults feed on nectar of 
several plants and might encounter resource limitation 
during summer based on differences in habitat quality 
due to drought and grazing (Ojanen et al. 2013, Tack 
et al. 2015). The flight season in the Åland islands lasts 
from early June to mid-July. The Glanville fritillary is 
relatively sedentary. Flight typically consists of short 
flight bouts and rapid take-offs to locate females by 
the ‘perching’ tactic, in which males establish a mating 
territory. Males might further fly continuously around 

the habitat in search for females (Boggs and Nieminen 
2004). In general, females show higher dispersal rates 
than males that tend to remain in the natal population 
(Kuussaari et al. 1996). Based on tracking free-flying 
butterflies with harmonic radar (Ovaskainen et al. 
2008), the average distance covered during one 
flight bout was 32m. Mark-release-recapture studies 
measured a mean lifetime dispersal distance of some 
hundreds of meters, with longest dispersal events of 
1-2km (Kuussaari et al. 1996, Niitepõld et al. 2011) 
and the longest recorded colonization distance of 
4-5km (Van Nouhuys and Hanski 2002). 

3.2 -

In order to provide different conditions experienced 
by the individuals, several different treatments were 
carried out under laboratory settings. I created 
poor and stressful conditions by inducing: adult 

Figure 2. Schematic overview of the aims of the thesis. This thesis assesses the effects of various environmental 
conditions or stressors on the Glanville fritillary butterfly in terms of individual performance, reproductive strategies 
and potential trans-generational effects. Four main traits have been assessed: reproduction, somatic maintenance, 
immune response, and flight or flight-related traits. Potential negative (i.e. trade-offs) and positive relationships 
between the traits have been assessed. Environmental conditions were manipulated in the laboratory and four main 
extrinsic factors have been assessed: nutrition, male provision to female during reproduction, bacterial, and viral 
infection. Trans-generational effects have been investigated in chapter I and III in relation to nutrition and male 
condition.
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food-deprivation (I, II), larval food-restriction (II), 
implementation of bacterial (III, V) or viral (IV) 
infection, as well as forced flight (V). The experiments 
were carried out in the laboratory under common-
garden conditions (28:15 C, 12:12, L/D) with 
either wild-collected or laboratory generated larvae 
originating from wild-collected parents. In case of 
larval food-restriction, a two day intermittent food 
stress treatment was conducted in the final, seventh, 
instar. Larval developmental time, larval mass at the 
final seventh instar and pupal mass were recorded. 
Emerging butterflies were individually marked on 
the hind-wing, sexed and reared under common 
conditions (26:18 C, 9:15, L/D). For the adult food-
deprivation treatment, butterflies were only provided 
with water, whereas control individuals were fed with 
20% honey-water solution. 

In order to assess individual fitness, matings were 
carried out either with fractional- or full-factorial 
designs (i.e. only females or both sexes experiencing 
the stressful condition, respectively) in mating cages. 

Females were allowed to lay eggs throughout their 
entire lifespan on either V. spicata or P. lanceolata. For the 
fitness measures lifetime egg production (I, III), clutch 
size (I, III), oviposition pace (I, III) and female lifespan 
(I, III) were assessed. To investigate the investment into 
offspring quality and the potential trans-generational 
effects average egg mass (I, III), lifetime hatching 
success (I,III), offspring larval developmental time 
(I) and offspring pre- and post-diapause survival (I) 
were assessed. To investigate the influence of male 
spermatophore size on female fitness, larval and adult 
food-restriction/deprivation were used to create 
different conditions (I, II). Spermatophores were 
dissected from females immediately after mating (II) 
or when egg-laying females died (I), and the size of the 
spermatophore was measured. Further, the effects of 
male age at first mating, mating duration and mating 
frequency on spermatophore size was investigated 
(II). As a measure of individual initial condition, pupal 
mass of males and females were included in all analyses 
investigating reproductive performance. 

Figure 3: Life-cycle of the Glanville fritillary butterfly (Melitaea cinxia) in the Åland Islands.



LUISA WOESTMANN

3.3 

Infections were implemented during the larval (IV) 
and adult (III, V) stage. Viral infection was performed 
during the larval developmental stage, and the 
inoculation occurred via droplets on leaf discs of the 
host plant (IV). The virus used in this thesis belongs to 
the family of Baculoviridae (AcMNPV) and represents 

an ecologically relevant viral strain for Lepidoptera 
(see Box 2). Bacterial infection occurred during the 
adult stage with Micrococcus luteus via two different 
methods: 1) via supplements in the adult diet (III) 
or 2) via injection of a bacterial solution into the 
thorax (III, V; Figure 4). A non-pathogenic bacterial 
strain was used to provoke an immune response, as 
no natural pathogen is known to infect the Glanville 

BOX 2: BACULOVIRUSES

Baculoviruses are DNA viruses that infect arthropods in general but mainly insects and in particular 
Lepidoptera, and are highly pathogenic and obligate killers (Cory and Myers 2003). This family of viruses 
only infects the larval feeding stage. They form occlusion bodies (OB), a proteinaceous structure that contains 
virions (the actual virus particles), which is the infectious and hence critical unit for successful spreading of 
the infection between hosts. Larvae ingest the OBs, and the alkaline pH and proteases in the gut destroy the 
proteinaceous capsule releasing the virions that pass through the peritrophic membrane of the gut. Once 
passed through the gut membrane, the virions fuse with the plasma membranes of the midgut columnar 
cells. Nucleocapsids containing the DNA then move to the nucleus of the cells and start the infection. In 
Lepidoptera the virus is able to spread to other tissues via tracheoles, while in other taxa the infection is 
restricted to the midgut. The replication cycle is biphasic: while the in-between host transmission occurs via 
OBs, the tissue to tissue spread is carried out via non-occluded budded virus and a number of proteins in 
the OBs enhance the infection process (reviewed in Cory & Myers 2003, Clem & Passarelli 2013). At the 
end of the infection cycle in Lepidoptera, the larval body tissue is converted into millions of OBs. These OBs 
get released into the environment upon the host’s death and can persist for considerable time (reviewed in 
Cory & Myers 2003). Other potential hosts ingest these OBs from the environment and a new infection 
cycle starts.

Hundreds of insect species encounter baculovirus infections, however, only a few have been characterized 
in detail. In general, two groups are distinguished: 1) nuclopolyhedro-viruses (NPVs) that are larger and 
contain several virions in the protein matrix, and 2) granuloviruses (GVs) that typically are smaller, infect 
Lepidoptera and contain a single virion. Every virion either contains a nuclocapsid single NPV (SNPV) 
or many multiple NPVs (MNPV). The latter has only been isolated from Lepidoptera. Further, some of 
the baculovirus species are very host-specific, whereas others are able to infect multiple families of e.g. 
Lepidoptera (reviewed in Cory & Myers). The NPV from the alfalfa looper (Autographa californica, AcMNPV), 
for example, has been shown to infect at least 30 families of Lepidoptera. In vivo recombination of AcMNPV 
is the major source of variation driving the evolution of virulence (reviewed in Cory & Myers 2003, Clem 
and Passarelli 2013). 

Survival of a baculovirus infection often comes at a cost with survivors showing altered developmental 
times, body size, fecundity and egg viability (Cory and Myers 2003, Duan and Otvos 2001, Matthews et al. 
2002, Milks et al. 1998). While the reasons for a reduced reproductive potential of the host is yet unclear, 
a potential persistent infection or costs related to fighting off the infection could be potential explanations. 
Infection can be removed during the pupal stage. However, a persistent infection throughout the adult stage 
can also exist and the infection can thus be transmitted vertically to the following generation (Cory & 
Myers 2003). Baculoviruses can therefore influence population dynamics of their hosts through either direct 
mortality during the larval stage or through delayed effects implicated by reduced fecundity. Such potential 
has led to the exploration of using these viruses as control agents for insect pest (reviewed in Cory & Myers 
2003, Clem & Passerelli 2013).



fritillary butterfly. As injection of bacteria results in a 
wound for the individual and thus influences immune 
response, a wounding-control - implied by injection 
of salt solution (PBS) - was additionally included. As 
the immune response is rather complex, several assays 
were used to measure immune response. Lifespan was 
assessed to account for potential lethal effects on the 
individual (III, IV, V). Moreover, encapsulation rate, as 
part of the cellular immune response was measured 
(III; Figure 4), via  inserting a 2mm long nylon filament 
into the thorax of the butterfly for 1h to allow immune 
cells to attach to the foreign object and to encapsulate 
it. The melanisation process darkens the filament and 
the degree of darkness was measured and interpreted 
as an investment into immunity (Saastamoinen and 
Rantala 2013). To investigate the immune response on 
the gene expression level (III, V), seven primer pairs 
for immune and stress related genes were designed 
and established (see Box 3). These genes cover a wide 
range of the immune response, as they are part of 
pathogen recognition, the humoral immune response 
in terms of the Toll and Imd pathway as well as the 
secretion of antimicrobial peptides. In addition, a gene 
included in the melanisation process and therefore 
the cellular immune response was included. Levels 
of melanisation were further assessed in the wings in 
case of viral infection that occurred during the larval 
developmental stage (IV). 

-

Flight represents a key trait in many insects and is 
needed for foraging and reproduction but also dispersal 
(Kingsolver 1983). As measuring dispersal under 
laboratory conditions is not possible we used a flight 

treatment as a proxy. The flight treatment used was 
similar to the measure of flight metabolic rate (FMR) 
with respirometry (for a detailed description on the 
method see Niitepõld et al. 2009), which is commonly 
used in the Glanville fritillary. The day before the 
flight treatment, butterflies were kept in conditions 
that discourage flight (room temperature and dim 
light) and were provided with water only to equalize 
nutritional and activity level among the individuals. 
Prior to the treatment, butterflies were weighed and 
allowed to acclimatize for 5min in the respirometry 
chamber under a dark cloth at 30 C. The temperature 
was chosen based on previous measurements for 
flight metabolic rate in this species (Kvist et al. 2015, 
Niitepõld et al. 2009). Butterflies were stimulated 
to fly actively inside the chamber by gently tapping 
the chamber whenever the individual landed. This 
method provokes maximal flight capacity during a 
period of 15min of flight. The duration reflects the 
maximal flight performance and flight endurance and 
is demanding for this butterfly species, thus mimicking 
a long dispersal event in the wild. The treatment is 
not exceptionally harsh, does not influence longevity 
(Saastamoinen and Rantala 2013) and correlates with 
dispersal in the field (Ovaskainen et al. 2008). Here, 
the information about the flight metabolic rate (FMR) 
was not relevant and it was not measured.  Obtaining 
the accurate measure of FMR requires longer resting 
period before and after the 15 minute flight treatment, 
and hence was logistically impossible to measure for 
all of the individuals. 

 In a similar manner other morphological 
characteristics are thought to be linked with butterfly 
flight and dispersal capacity. Body size and relative 
thorax mass (as a proxy for flight muscle investment) 

Figure 4. Images of the immune assays. Butterfly getting injected with bacterial solution (A) and a butterfly 
with an encapsulation filament in the thorax (immobilized throughout the 1h assay) (B).
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BOX 3: IMMUNITY GENES TO ASSESS IMMUNE RESPONSE IN THE 
GLANVILLE FRITILLARY BUTTERFLY

The genes chosen to assess immune gene expression as a response to immune challenge in this thesis cover 
a wide range of the immune response. They are involved in pathogen recognition, the humoral immune 
response as well as the secretion of antimicrobial peptides. In addition, a gene included in the melanisation 
process and therefore the cellular immune response was included. The genes were chosen based on three 
criteria: 1) they have been shown to be up-regulated upon pathogen exposure in other species, 2) they 
are involved in immunity or stress-related responses, and 3) they have been shown to respond to a flight 
treatment in M. cinxia in the laboratory (Kvist et al. 2015). As a mostly Gram-positive bacterium (Micrococcus 
luteus) was used in this study, the Toll pathway is expected to be activated upon pathogen detection (see 
Figure 1). However, as both pathways are able to interact and co-regulate AMP expression, both pathways 
were covered via several genes. 

-1,3-glucan binding protein
A protein that is able to recognize and bind 1,3-
glucan that is part of the bacterial cell wall (Lemaitre 
& Hoffmann 2007). 

proPO
Pro-phenoloxidase is the inactive form of 
phenoloxidase (PO) and the main regulator of 
the melanisation pathway in insects (Cerenius and 
Söderhall 2004). Details on the melanisation process 
can be found in Box 1. 

Lysozyme
Lysozyme is able to bind pathogens and is an enzyme 
that damages the cell wall of both Gram-positive and 
Gram-negative bacteria. It is thought to activate the 
Toll pathway upon the release of components of the 
bacterial cell wall (Dunn 1986, Hultmark 2003). 

Serpin
Serine protease inhibitors are known as serpins and 
represent inhibitors that prevent extended expression 
of the melanisation pathway (De Gregorio et al. 2002; 
see Box 1 for more details).

Pelle
Pelle is part of the Toll pathway and a kinase that leads 
to the degradation of Cactus, which results via further 
molecular processes to the expression of antimicrobial 
peptides (Lemaitre & Hoffmann 2007). 

PGRP-LC
Peptidoglycan-recognition-protein LC is a receptor 
in the Imd pathway and recognizes peptidoglycan in 
the bacterial cell wall. PGRPs have generally shown to 
be upregulated upon bacterial infection in the fruit fly 
Drosophila melanogaster and the silk worm Bombyx mori 
(Tanaka et al. 2008, Zaidman-Remy et al. 2011).

Attacin
Attacin is one of several antimicrobial peptides that is 
regulated by the Imd pathway and works effectively 
against Gram-negative bacteria. It causes increased 
permeability of the outer membrane as well as inhibi-
tion of outer-membrane protein synthesis at the 
transcriptional level in bacterial cells and thus leads to 
bacterial cell death (Carlsson et al. 1998).

are considered as proxies for dispersal capacity (e.g. 
Hill et al. 1999) and are expected to be positively 
correlated with flight performance (Almbro and 
Kullberg 2008, Berwaerts et al. 2002, Berwaerts et 
al. 2008). Flight performance is further assumed to be 
influenced by wing loading, the body mass relative to 
the wing surface area (e.g. Almbro and Kullberg 2012), 
however, effects on speed and sustainability of flight 
are ambiguous (Berwaerts et al. 2002). Fast flight is 
also associated with wing shape, which is measured as 
wing aspect ratio (Berwaerts et al. 2002). Additionally, 

melanin production in animals is involved in warning 
coloration, sexual display, but also thermal regulation 
(reviewed in True 2003). Increasing melanisation of 
the wings thus results in faster absorbance of heat. 
In many butterfly species flight requires ambient 
temperatures between 30 and 38 C (Wickman 2009), 
thus making the colour pigmentation and melanisation 
of butterfly wings a relevant trait for the dynamics of 
body temperature, especially in temperate regions 
(Davis et al. 2012, Van Dyck and Matthysen 1998). 



4 MAIN RESULTS AND 
DISCUSSION

I, III)

Reproductive performance of females in relation to the 
environmental conditions they experienced were assed 
in chapter I and III. Previous studies by Saastamoinen 
and colleagues have shown that food-restriction during 
the larval developmental stage results in prolonged 
developmental time, and depending on the severity of 
the treatment can also reduce fecundity and/or lifespan 
(Saastamoinen et al. 2013a). But what happens if the 
food-deprivation occurs during the adult reproductive 
stage? The first chapter (I) showed that harsh food-
deprivation during reproduction resulted in an adjusted 
reproductive strategy in females. Female lifespan was 
drastically reduced due to the food-deprivation, but 
females invested in an earlier and faster reproductive 
strategy. Even though food-deprivation sped up 
oviposition, females were not able to fully compensate 
the costs of poor conditions due to the drastic reduction 
in lifespan and produced 41% less eggs in their lifetime 
compared to control females (Figure 5). These results 
were in line with life-history theory, which predicts 
that when experiencing stressful or life-threatening 
events, individuals should invest in earlier reproduction 
at the potential cost of later reproduction. This theory 
is known as ‘fecundity compensation’ or ‘terminal 
investment’ (Minchella and Loverde 1981). As ‘terminal 
investment strategy’ has been reported in insects upon 
infection, in chapter three (III) I therefore investigated 
the potential change in reproductive strategy when 
experiencing bacterial infection. Treated individuals 
experienced either oral or haemocoelic infection or 
they were wounded without infection. In general, these 
immune treatments reduced female lifespan (except in 
case of wounding) but again females that were orally 
infected with bacteria initiated their oviposition earlier. 
However, wounding alone or haemocoelic infection 
did not induce earlier reproduction. Infected females 
were also able to obtain equal lifetime egg production 
with the controls, and in case of haemocoelic exposure 
and the wounding only treatment the reproductive 
output was even slightly increased (see Figure 6 for 
an illustrated comparison of the treatment effects). 
However, upon mating the reduction in lifespan in 
response to infection diminished, suggesting that these 

individuals might change resource allocation to somatic 
maintenance and reproduction (but see also section 
4.2.). Interestingly, previous studies in the Glanville 
fritillary butterfly have also observed a similar faster 
oviposition strategy. Females originating from newly-
established isolated populations have higher dispersal 
propensity in comparison to females from older and 
better connected populations, and the former likewise 
invest in earlier and faster reproduction (reviewed in 
Bonte and Saastamoinen 2012). Potentially these more 
dispersive females also suffer from resource limitation 
during dispersal and thus change their reproductive 
strategy under the stressful event. Furthermore, a 
study on the effect of flight on reproduction revealed 
that females increase their oviposition speed and 
egg production upon flight (K. Niitepõld, pers. 
communication). 

Results from chapters I and III further showed 
that food-deprived and orally infected females also 
changed their allocation between offspring quality 
and quantity, indicated by increased hatching success 
of their eggs (Figure 5) as well as increased egg mass 
(in the case of bacterial infection only). In regards to 
food-deprivation, where lifetime egg production was 
drastically reduced, the increased hatching success of 
the eggs hence resulted in a rather small reduction in 
the total number of offspring in the end between the 
treatment groups. Females that were infected orally 
by the bacterial solution did not change their lifetime 
egg production but the hatching success of their 
offspring was increased. Finally, females that were 
infected directly into the haemocoel, invested in higher 
number of poorer quality eggs. Wounding alone also 
led to increased hatching success (see Figure 6 for an 
illustrated comparison of the treatments). 

In general these results suggest that haemocoelic 
infection is too severe to allow for investment into 
offspring quality while wounding itself still resulted 
in increased hatching success, reflecting a less drastic 
immune response effect comparable to oral infection 
(see also section 4.4 for severity of infection treatments 
and Figure 6 on the differential reproductive strategies). 
Potential reasons, underlying the higher hatching 
success might be either based on sperm allocation by 
the female or differential resource allocation of proteins 
and lipids to their eggs (e.g. Geister et al. 2008, Gowaty 
et al. 2007, Ward 1993). Such altered allocation 
might be based on olfactory signals, such as cuticular 
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hydrocarbons or male sex pheromones that apart 
from identity and kinship (Johansson and Jones 2007, 
Nieberding et al. 2012) might further indicate male 
condition. The potential to speed up oviposition most 
likely results from the fact that females eclose with the 
full set of eggs, which partly are already chorionated 
and thus mature. The number of chorionated eggs 
increases fast, as two days post-eclosion virgin females 
contain already four times more mature eggs (Wheat 
et al. 2011), suggesting that the Glanville fritillary 
butterfly is a capital breeder (Stephens et al. 2009) 
and hence relies mainly on resources gained during the 
developmental stage in regards to their reproductive 
potential. Indeed, a previous study showed a reduction 
in clutch size based on developmental food-restriction 
(Saastamoinen et al. 2013a). Pupal mass should reflect 
the amount of resources an individual obtained during 
its developmental stage. Interestingly, female pupal 
mass only influenced clutch size but not the other 
fecundity traits measured in the first chapter and only 
initiation of oviposition in the case of haemocoelic 
bacterial infection. 

I, II, III)

Chapter one (I) showed that females are strongly 
influenced by their environmental conditions and 
can change their reproductive strategy accordingly. 

But what conditions influence male reproductive 
strategy, namely the size of the spermatophores they 
provide to females? Moreover, how does this further 
influence female reproduction? The previous results 
led us to conduct an experiment in which the effects 
of food-restriction on spermatophore size were 
studied in more detail (II). Results from this study 
in combination with findings from the first chapter 
(I) strongly suggest that conditions experienced by 
males influence their spermatophore size and also 
female reproductive performance. Spermatophore 
size increased with male pupal mass and male age 
at first mating. However, spermatophore size was 
decreased with male mating frequency and by adult 
food-deprivation (II). The production of a larger 
spermatophore did not have any direct effect on 
the length of copulation and it did not affect female 
reproductive output (II). A large first spermatophore 
from older virgin males has been observed in other 
butterfly species including Bicyclus anynana and Pieris 
rapae (Kehl et al. 2015, Wedell and Cook 1999). 
However, in the case of B. anynana this further resulted 
in increased reproductive success in comparison to 
younger virgin males (Kehl et al. 2015). The fact 
that the spermatophore size correlated with male 
pupal mass may suggest that males use mainly larval 
resources in the production of their spermatophore. 
Therefore, somewhat surprisingly larval food-
restriction did not lead to smaller spermatophore 
size (II; Figure 7), whereas adult food-deprivation 
resulted in smaller spermatophores when compared 

Figure 5. Influence of food-deprivation during reproductive stage of mothers and fathers on lifetime egg 
production (A) and lifetime hatching success (clutches with no eggs hatched were removed)(B).
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spermatophores, selection should act on female 
preference towards identifying the reproductive status 
of their mate rather than their age. How females of 
the Glanville fritillary butterfly choose their mates is 
still unclear. 

Even though spermatophore size is affected by several 
abiotic and biotic conditions, size does not necessarily 
equal with better quality (Duplouy and Hanski 2015). 
Indeed, and somewhat surprisingly, females mating 
with food-deprived males during the reproductive 
stage that also produce smaller spermatophores (II) 
have increased lifetime egg production compared 
with females that mated with control males (I). What 
may be underlying this result? As the harsh food-
deprivation treatment in chapter one (I) decreases 
life expectancy, the likelihood of an additional mating 
for a male is likewise decreased. Thus males might 
allocate all their resources to the current reproduction 
and potentially only mating to ensure higher fitness 
(terminal investment). But how would this be done 
when spermatophore size of food-deprived males 
is reduced? Spermatophores in Lepidoptera contain 
non-fertile (apyrene) and fertile (eupyrene) sperm, as 
well as a nuptial gift (Cook and Wedell 1996, Meves 
1902). It is further known that males of some insects 
can change the ratio of eupyrene and apyrene sperm 
when, for example, experiencing sperm competition, 
which in turn has a positive effect on fertilization 
success (e.g. Cook and Wedell 1999). Thus, poor 
conditions might trigger a change in ratio of nutrients 
and/or sperm type, and thus influence female egg 
production. Additionally, females potentially use the 
spermatophore provided by the male as a nuptial gift. 
It has been shown that spermatophore size decreases 
with female age and number of clutches laid (chapter 
I, Duplouy and Hanski 2015), indicating that females 
use it as an additional resource. Further support comes 
from chapter three (III), that showed how female 
lifespan is not affected by the bacterial treatment 
when they have mated, even though both oral and 
haemocoelic bacterial exposure have shown to reduce 
female and male lifespan when they are unmated (III). 
Potentially, females use this additional resource to 
buffer negative effects of the infection. Overall this 
data suggests that the condition of the mating partner 
can greatly influence female reproductive performance 
in the Glanville fritillary butterfly. 

Figure 6. Illustrative comparison of different 
conditions on female reproductive strategy in the 
Glanville fritillary butterfly. Shown are the different 
applied treatments in chapter I and III and their outcome 
on oviposition speed (clock), lifetime egg production, 
lifetime hatching success and lifespan (arrow length). The 
control represents a standardized control to which the 
different conditions have been compared.

with controls. Hence, at least in the Glanville fritillary 
butterfly male’s spermatophore size depends strongly 
on the resources they gain during the adult reproductive 
stage. Indeed, previous data in other butterfly species 
shows that quantity and quality of amino acids in 
adult diet positively influences spermatophore size 
(e.g. Lederhouse et al. 1990, Lewis and Wedell 2007, 
Watanabe Mamoru and Hirota 1999). Furthermore, 
as old virgin but also young males produce larger 
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TRANS-

I)

Poor conditions induced by adult food-deprivation 
revealed an increased investment of females into their 
offspring quality (I, III). While hatching success and 
egg mass can give an indication for the investment 
into offspring quality, assessing offspring performance 
is more important when understanding trans-
generational effects. The increased investment into 
offspring quality by food-deprived mothers was also 
evident when assessing offspring performance in the 
larval stage. Even though larval developmental time 
of pre-diapause larvae from food-deprived mothers 
was increased, this paid off as the larvae reached 
higher larval mass and increased overwinter survival 
(I). Although an increase in developmental time 
might increase the time that larvae are vulnerable to 
parasitoids and potential other predators (van Nouhuys 
and Lei 2004), the increased body mass reflects a great 
advantage for survival during diapause in the wild. 
Larval size at diapause is a key trait influencing family 
survival and population size as well as population 
dynamics in the Glanville fritillary butterfly (Kuussaari 
et al. 2004, Nieminen et al. 2001, Saastamoinen et al. 
2013b). While maternal pupal mass had only minor 
effects on offspring performance and the maternal 
feeding treatment did not show any trans-generational 
effects in the post-diapause larval stage, clutch rank 
as an indicator for maternal age had an effect in the 
post-diapause larval stage. In general, offspring from 
later clutches performed worse. Whether this is 
due to maternal age or female investment remains 
unanswered in this study. Females might for example 
simply be running out of sperm to be able to fertilize 
all their eggs, thus, negatively affecting later clutches. 

Interestingly, the paternal treatment also showed 
trans-generational effects in both pre- and post-
diapause larval stages. However, due to complex 
interactions between paternal treatment with paternal 
pupal mass or paternal age, it is rather difficult to 
draw general conclusions on the direction of these 
effects. Even so, these complex data suggest that the 
condition of the male does not only play a crucial 
role for spermatophore size or female reproductive 
performance, but also in regards to trans-generational 
effects. These results show that both males and females 
are able to translate their condition to the next 
generation and that these effects can be very long-
lasting. Still, whether these observed trans-generational 
effects are adaptive remains to be tested. A previous 
study on larval developmental food-restriction in the 
Glanville fritillary butterfly showed that even though 
effects of this treatment did not have any direct effects 
translating to the offspring generation, offspring did 
increase body mass in case they themselves and their 
parents experienced continuous food-deprivation, 
suggesting an adaptive response (Saastamoinen et al. 
2013a).

III, IV)

While the immune response towards bacteria and 
viruses is quite well-understood in some insects 
such as Drosophila, and has been investigated in some 
Lepidoptera (Jiang et al. 2010), not much is known 
about the immune responses in the Glanville fritillary 
butterfly. Previous studies have assessed the effect 
of diet quantity and quality during the larval stage 
on immune response. These results have shown that 
diet quantity affects encapsulation rate during the 

Figure 7. Influence of larval 
and adult food-restriction 
on spermatophore size 
(corrected for male pupal 
mass). The photos show 
spermatophores of the different 
treatments (adult control 
condition (a), adult only 
water (b) larval development 
control conditions (c), 
larval developmental food-
restriction (d)).



adult stage (Saastamoinen and Rantala 2013) and that 
diet quality influences the ability to defend against 
parasitoids (mimicked by encapsulation filaments) 
and pathogens (bacterial infection via Serratia 
marcescens, Laurentz et al. 2012). Moreover, fungal 
infection of the host-plant P. lanceolata via powdery 
mildew (Podosphaera plantaginis) resulted in slower 
development and reduced body mass of larvae, which 
in turn resulted in reduced overwinter survival (Laine 
2004). While these studies have focused on diet quality 
and quantity, bacterial and viral infection have not been 
the focus so far. Bacterial infection was performed 
during the larval stage by Laurentz et al. (2012), but 
how adults cope with bacterial infection has not been 
assessed before. Thus, the aim of chapter III and IV 
was to establish bacterial and viral infection, and assess 
their potential effects on life-history and survival. 
While baculovirus infection naturally occurs in the 
larval stage (IV), bacterial infection was performed in 
the adult stage via oral and haemocoelic infection (III). 

Both ways of introducing bacteria resulted in an 
effective infection, indicated by up to 39% reduction 
in lifespan (Figure 8) and in increased immune gene 
expression. A direct comparison between the oral 
and haemocoelic infection treatments is difficult, 
as the level of the actual infection was not assessed. 
Especially, the oral bacterial exposure did not 
occur under controlled conditions, thus individuals 
might have encountered very different amounts of 
pathogens. Nevertheless, results generally suggest 
that haemocoelic infection leads to a more drastic 
and faster response compared to oral infection based 
on the following observations. Firstly, more genes 
responded to haemocoelic infection, expression 
levels were higher, and lifespan was more drastically 
reduced. Secondly, some of the tested genes showed 
higher expression levels in the earlier time point in 
the case of haemocoelic exposure while others showed 
higher expression levels in the later time point for oral 
infection. Lastly, encapsulation rate was only affected 
in case of haemocoelic infection, showing a decrease of 
encapsulation rate upon infection. This result is most 
likely explained by the fact that encapsulation rate was 
assessed 72h post implementation of the treatment and 
thus reflects a trade-off between fighting the bacterial 
infection or a foreign object entering the system 
later than the actual infection. In case of haemocoelic 
infection, bacteria directly enter the system, leading 
to a much faster response. Oral exposure, on the other 

hand, might not be as effective, as pathogens first have 
to overcome, for example, digestive enzymes and the 
alkaline gut pH (Vallet-Gely et al. 2008). 

Infection with Baculovirus, strain AcMNPV, resulted 
in drastically reduced survival during both larval and 
pupal stages, even when infection rates where rather 
low (Chapter IV; Figure 9). Survival was further 
dependent on the initial larval body mass at the time of 
inoculation. Resource availability generally improves 
body condition but also immune system deployment 
and has shown to influence resistance to pathogens 
(Lee 2002, Lee et al. 2006), indicating that this is 
also the case in the present study. We further found 
a concentration-mortality relationship and increasing 
concentration exposure increased developmental 
time. It has been suggested that developmental time 
may be related to the time it takes for repair of 
damage (e.g. due to infection), potentially resulting 
in fitness costs (Johnson et al. 2012). Poor food 
conditions during the larval stage in the Glanville 
fritillary butterfly have in general shown to increase 
developmental time (Saastamoinen et al. 2013). 
Studies on other species on the effect of baculovirus 
infection on developmental time have shown 
contradictory results with effects ranging from none 
to little or major changes (Matthews et al. 2002, Milks 
et al. 1998, Monobrullah and Shankar 2008, Perelle 
and Harper 1986, Shapiro and Robertson 1987). 
Even though infected individuals pay a cost in terms 
of increased developmental time, the delay seems 
to allow to increase their mass acquisition, as the 
infected individuals reach equal pupal mass compared 
to controls. Notably, however, initially smaller larvae 
were more likely to die from the infection and thus 
only the most robust and larger individuals survived, 
suggesting a reduction in phenotypic variation based 
on the viral infection. The effect of body mass is only 
partially explained by their genetic background, as 
family explained only 1-12% of the results. Variation 
in body size stems from genetic differences but also 
from the conditions experienced during the pre-
diapause stage and maternal effects. Body mass is a 
heritable trait in the Glanville fritillary butterfly (Kvist 
et al. 2013) and host plant quality has the potential 
to influence body mass and survival (Saastamoinen et 
al. 2013b). In chapter I we also observed that females 
are able to change their resource allocation under 
poor conditions and translate these conditions to 
their offspring. Hence, maternal resource allocation 
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towards offspring size and thus offspring quality might 
be a more general phenomenon in case of poor and 
stressful conditions. In the Glanville fritillary butterfly 
it has been so far observed when experiencing food-
deprivation (I) and bacterial infection (III). Even 
though one would expect differences in response for 
males and females based on their different life-history, 
no differences were observed for viral infection and 
only some indications that females might invest more 
resources into immune response against bacterial 
infection than males. It would be sensible for females 
to invest into a faster and early immune response to 
increase their lifespan and thus ensure higher fitness 
under potential infection.

–
IV, V)

Previous research in several insects and birds has found 
both trade-offs as well as positive correlations between 
immune response and flight or dispersal (Adamo et 
al. 2008, Köning and Schmid-Hempel 1995, Snoeijs 
et al. 2004, Suhonen et al. 2010). Similarly, in the 
Glanville fritillary butterfly a positive relationship 
between immune response and flight has been 
observed in previous studies, indicated by increased 
encapsulation rate and immune gene expression upon 
flight (Kvist et al. 2015, Saastamoinen and Rantala 
2013). But why would a positive relationship between 

those traits appear? On the one hand, it could be an 
adaptive response, if it allows individuals to cope with 
a potentially increased infection risk when dispersing. 
This would be expected, for example, due to a shift 
in pathogen quantity or quality in a new habitat. On 
the other hand, the positive relationship could simply 
result from a general stress response, as flight itself is 
very stressful, and stress and immune responses have 
been shown to be linked processes (Adamo 2008, 
2012). In chapter V, I aimed to disentangle if the 
positive relationship between flight and immunity is 
a by-product of a general stress response or indeed 
reflects an adaptive response. This was done by testing 
if flown butterflies would perform better when being 
infected. I found that bacterial infection itself resulted 
in increased immune gene expression for most of the 
tested genes and reduced lifespan. In contrast, the 
flight treatment led to increased expression levels 
for fewer immune genes, and importantly did not 
worsen or improve individual survival when being 
simultaneously infected. Furthermore, an interaction 
between the flight and immune treatment indicated a 
trade-off between these two traits: the flight treatment 
only provoked increased immune gene expression in 
naïve individuals for some genes, whereas infected 
individuals did not have increased expression levels 
when flown. Taken together the data suggests that 
increased immune gene expression based on flight 
does not allow individuals to survive infections and 
hence is most likely a general stress response. 

Figure 8. Survival rates of M. cinxia adults upon bacterial infection. Individuals of a naive group (solid line, 
n=47) in comparison to oral infection with 5 mg/mL Micrococcus luteus (dashed line, n=48) and 10 mg/mL M. luteus 
(dotted line, n=48) (A). Individuals of a control group (solid line, n=55) in comparison to injection with 5 mg/mL 
M. luteus (dotted line, n=53)(B).
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Trade-offs between flight and immunity might 
be expected also during the developmental stage, 
when wings are not yet developed. In chapter IV, 
baculovirus infection was carried out during larval 
development, which allowed us to assess potential 
trade-offs between flight-related traits (see Glossary) 
and immune response. Here flight-related traits were 
assessed, as wing morphological traits are often used 
as proxy of flight performance. There were no effects 
of the viral infection on any of the flight-related traits 
measured, suggesting that there is no obvious cost 
of viral infection in resource allocation to flight. In 
accordance, no effects of wing morphology was found 
upon baculovirus infection in the Speckled Wood 
butterfly (Hesketh et al. 2012). However, differences 
in wing morphology do not necessarily translate in 
differences in dispersal ability (Breuker et al. 2007). 
An interesting relationship between viral infection 
and wing melanisation was, however, observed. While 
a trade-off between infection and melanisation in 
wings would be expected as melanin is used in both 
immune response and in darker wing patterns (Talloen 
et al. 2004, but see Freitak et al. 2005), baculovirus 
infection here increased melanisation of the wings. 

It has been previously shown in other insects that 
melanism in insects can be increased due to immune 
challenge (Barnes and Siva-Jothy 2000, Freitak et al. 
2005), potentially based on a mechanistic link between 
melanin-based traits (Siva-Jothy 2000). Melanism in 
animals is used for various traits including camouflage, 
warning coloration, sexual display and disease resistance 
(reviewed in True 2003). It is further used for thermal 
regulation (True 2003). Higher levels of melanisation 
in butterfly wings thus could provide better thermal 
regulation and hence would reflect a benefit in case 
of viral infection. As ectotherms, butterflies highly 
depend on their surrounding temperature and darker 
wings result in faster absorbance of heat which in 
turn positively effects flight ability (Davis et al. 2012, 
Van Dyck and Matthysen 1998). This further could 
help in escaping the pathogen-containing habitat. An 
increase in body temperature has further shown to 
affect immune response and survival upon infection in 
other insects (Adamo and Lovett 2011, Wojda et al. 
2009). If experiencing a persistent infection that is still 
present in the adult stage, this could reflect an adaptive 
response to fight the infection. Alternatively, this could 
simply provide a better protection for pathogens in the 
surrounding environment. 

5 CONCLUSION AND FUTURE 
PROSPECTS

In this thesis my goal was to advance our knowledge 
about how species in general and the Glanville 
fritillary butterfly in particular copes with different 
types of stressful conditions and how this translates 
to individual fitness and investment into offspring 
quality. Overall the results of this thesis suggest that 
both females and males are highly sensitive to their 
surrounding environment and are able to change their 
reproductive strategies and resource allocation among 
important life-history traits under variable conditions. 
Even though experimental treatments applied here 
were harsh, females and males seem to be extremely 
good and rapid at adjusting their strategies. Results of 
this thesis further contribute to the lack of knowledge 
on how different environmental conditions influence 
male spermatophore size and male contribution to 
female reproductive performance. The data obtained 
suggests that the size of the spermatophores provided 
by males to females during copulation depends on 
various factors, and suggests that males are allocating 

Figure 9. Effect of viral infection on individual 
survival. Larval infection group were infected with 103 
OBs/mL of AcMNPV whereas the control group was 
provided with a droplet of water. Sample size are n =316 
and n =309, for control group and 103 OBs/mL group, 
respectively.
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their resources wisely when experiencing resource 
limitation during the reproductive stage and when, 
for example, experiencing male-male competition 
or skewed sex-ratios (i.e. fewer females compered to 
males; Charlat et al. 2007, Svärd and Wiklung 1988, 
Watanabe et al. 1997). The underlying mechanisms 
resulting in higher egg numbers when females 
are mating with a food-deprived male providing a 
smaller spermatophore are still unclear. It is further 
unknown what parts of the spermatophore are used 
by the female and to what purpose. Thus, we can only 
speculate that females actually use the spermatophore 
as an additional resource when experiencing poor 
conditions, as an attempt to buffer the loss in 
resources. The fact that lifespan was generally reduced 
by bacterial infection but this effect diminished when 
females have mated, supports this idea. Nevertheless, 
further studies are needed to investigate potential 
differences in sperm-type ratio or other differences in 
spermatophore quality, including nutrients, hormones 
and other potential gifts the male might provide. 

Interestingly, poor conditions of the parents also 
translated to the offspring generation, at least to some 
extent, potentially preparing them for similar future 
conditions. However, I have only touched the area of 
trans-generational effects, and a big question remains 
unanswered – are the responses we see adaptive? 
Whereas in this thesis the offspring seemed to perform 
better in terms of body mass and survival, we do 
not know how that translates to their reproductive 
performance or how that may further be influenced 
by the environmental conditions they experience 
themselves. To fully understand the costs and benefits 
of offspring performance but also female fitness, further 
studies are needed to investigate the adaptive nature of 
these responses. Modelling life-history in a theoretical 
framework is a common approach to understand how 
individuals cope with different environments. For 
example, a stage-dependent energy allocation model has 
previously been used by van den Heuvel and colleagues 
(van den Heuvel et al. 2013) to assess predictive adaptive 
responses for developmental plasticity under food-
restriction. Such an approach would bring interesting 
new insights also in testing whether the response in our 
study are adaptive in nature. 

Another interesting question that arises from the thesis 
and that requires further studies is why experience of 
more optimal conditions often led to a reproductive 

strategy in which females produce higher number of 
offspring over a longer time at the cost of reduced 
offspring quality. This potentially reflects a benefit 
of a bet-hedging strategy in this system, which is an 
advantage in temperate regions where environmental 
conditions are variable and hard to predict (Crean 
& Marshall, 2009). The Åland islands represent a 
habitat with high levels of stochasticity and thus 
match such environmental conditions. The fact that 
control females invested in higher egg numbers and 
longer lifespan might reflect a bet-hedging strategy 
by which they would move around the natural habitat 
to lay egg clutches in several plants to spread the risk 
of unfavourable conditions. The laboratory conditions 
used in this thesis prevented their ability to choose 
host-plants for oviposition and disperse around a 
habitat. This potentially resulted in a sit-and-wait 
strategy where females wait for better conditions 
and thus invest in longer lifespan. Future studies are 
needed to investigate such strategies in a more natural 
set-up allowing them to choose where and when to 
oviposit. Moreover, as this thesis used experiments 
under laboratory conditions with a random set of 
individuals from the natural habitat, more comparative 
projects among specific populations or even with 
populations from different areas in the world could 
reveal important results on reproductive strategies in 
this species.

This thesis further aimed to assess initial insights into 
the responses of the Glanville fritillary butterfly to 
bacterial and viral infection and how this translates to 
their fitness. The bacterial infection used was a general 
non-pathogenic strain, as we are not aware of any 
natural pathogen infecting the butterfly. Therefore, 
further studies on naturally occurring pathogenic 
bacteria and fungal infections will be useful in 
providing a full understanding of the immunity and its 
impact on life-history ecology and evolution. As larvae 
of the Glanville fritillary live gregariously in groups, 
they potentially face a high chance of horizontal 
transmission of pathogens, nevertheless, the ability of 
vertical viral transmission upon persistent infection in 
adults remains to be tested. If true, potential effects 
on fecundity and vertical transmission itself could 
have tremendous effects on population dynamics. 
Modelling bacterial and viral infections would 
contribute to the understanding of disease dynamics in 
the metapopulation structure.



The effects on life-history upon infection are of course 
more complex in the wild, as individuals, for example, 
simultaneously face multiple stressors,  such as food 
limitation, variable temperatures and density but also 
allocate energy to dispersal events. The experience of 
multiple stressors would potentially result in more 
drastic and adverse effects of infections. The increase 
in wing melanisation upon viral infection, for example, 
is one response that would be interesting for further 
investigations in order to reveal its potential adaptive 
value. 

Finally, for the understanding of trade-offs and 
life-history in general, not only the environmental 
factors are important, but also the underlying genetic 
differences and mechanisms. The research on the 
genetic and epigenetic mechanisms in non-model 
organisms and natural populations is still scarce. 
Moreover, the assessment of how different families 
respond to variable environmental conditions could 
bring important insights into how the genotype 
influences individual plasticity and if some families are 
more plastic than others. Future studies testing these 
genetic differences or transcriptome studies would 
help us to understand how life-history variation and 
evolution is maintained in this species. 
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