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1. Introduction   
 
1.1. Hosts, parasitoids and the aim of this study 
 

The relationship between hosts and parasites is one of the most studied interactions 

between living organisms and is both universal and common in nature (Price 1980).  

The co-evolution of hosts and parasites is viewed as the key factor in the development 

of sexual reproduction (Hamilton et al. 1990), as well as in the generation of genetic 

diversity due to the “evolutionary arms race” described by van Valen (1973) as the Red 

Queen hypothesis. In this hypothesis the evolutionary advances of one species causes 

the deterioration of the environment for a closely associated species such as a parasite, 

which in turn evolves to master the changed environment. Because the relationship 

changes continuously, both species have to evolve all the time in order to survive. 

Parasites are smaller than their hosts and many species show a high degree of 

host specialization. Parasites are commonly viewed as organisms that exploit their host 

but do not necessarily kill it. They can reduce the fitness of their host in numerous ways 

by exploiting the host for nutrition, defence, dispersal and habitat either from inside the 

host (endoparasites) or outside the host (ectoparasites). Many parasites affect the 

behaviour of their host or even the morphological development of the host. Lifecycles 

of parasites can be very complicated including several intermediary hosts (Price 1980).  

Parasitoids on the other hand are often viewed something between parasites and 

predators.  Parasitoids are insects whose egg and larvae develop attached to or within a 

single host arthropod, which it ultimately consumes and kills (Hassel & Waage 1984). 

Thus parasitoids differ from parasites in the fate of the host. Also, all parasitoids have a 

free living adult stage. Parasitoids differ from true predators which consume more than 

one prey to complete their lifecycle. In addition, true predators have a free living 

immature stage (Godfray 1994).  

Most parasitoids belong to the insect order Hymenoptera but significant number 

of species is also found from the order Diptera. All parasitoids use arthropods as hosts 

(Godfray 1994). Parasitoids have long been studied empirically and used for modelling 

simple predator-prey relationships mainly because their relationship is close, their 

generation time is fast and they are convenient to study in laboratory conditions. 

Research about parasitoids is also significant in terms of practical applications because 
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parasitoids are used as biological control agents against agricultural and forest pests 

(Mills & Getz 1998, Hassel 2000). 

This study was done in order to understand the host-parasitoid relationship in 

different Melitaea cinxia (host butterfly) and Cotesia melitaearum (parasitoid wasp) 

populations around the Baltic Sea. The Glanville fritillary butterfly (Melitaea cinxia) 

belongs to the family Nymphalidae and is found throughout Europe, northern Africa, 

Russia and Western Asia.  The species is common in southern and central Europe but 

disappeared from the Finnish mainland in the early 1980s due to habitat loss that came 

with agriculture changes. The butterfly still lives as a fragmented metapopulation in the 

Åland Islands, which is the northern limit of its European distribution (Murphy et al. 

2004). The butterfly is considered as a vulnerable species in Finland 

(Ministry of Environment 2005).  

Cotesia melitaearum (Ichneumonoidae: Braconidae) is an aggregate of 

parasitoid species that use several species of checkerspot butterflies in Europe and Asia. 

There are approximately 2000 species of Cotesia worldwide (Mason 1981) and some of 

them parasitize butterflies from the tribe Melitaeini (Lepidoptera: Nymphalidae) around 

Europe and Asia (Kankare & Shaw 2004). In the Åland Islands there are two forms of 

C. melitaearum: one that parasitizes the Glanville fritillary butterfly (Melitaea cinxia) 

and another that parasitizes the Heath fritillary butterfly (Melitaea athalia) (Kankare  

et al. 2005). These two forms of C. melitaearum are soon to be documented as separate 

species (conversations with van Nouhuys 2011). 

 Both M. cinxia and C. melitaearum are found in several locations around the 

Baltic Sea. In this study, I used four host populations and four parasitoid populations 

which differ in their evolutionary history and inhabit ecologically different landscapes. 

The host-parasitoid relationship was studied from the perspective of host susceptibility 

and parasitoid virulence. Both the host and the parasitoid inhabit more or less 

fragmented landscapes around the Baltic Sea. Strongly fragmented landscape tends to 

host inbred populations (Krauss et al. 2004) and in this study one of the aims was to 

determine if inbred populations are significantly different from outbred populations in 

terms of host-parasitoid interaction.  

The study was also interested in the possible local adaptation of both parasitoids 

and their hosts. When looking at the results in the light of local adaptation, spatial 

aspect is clear since isolated populations have more potential to become locally adapted. 

Thus the concept of a metapopulation affects this study greatly and is considered 
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important when interpreting the results. Also, M. cinxia is well studied model organism 

for metapopulation biology and one of the aims was to increase the knowledge about 

biological interactions affecting the butterfly.   

 

 

1.2. A short introduction to metapopulation studies 

 

A metapopulation is a spatially structured population that persists over time as a set of 

local subpopulations. The degree of isolation of habitat patches and specific 

characteristics of species affects the colonization and extinction rates of different local 

populations. All species live in populations that are somehow spatially structured. Some 

populations are completely independent and isolated experiencing no mixing. On the 

other hand, some populations are extremely well connected and exist as a single and 

well connected large population (Hanski 1998). A metapopulation is between these two 

extremes where local populations interact with each other but there is some patchiness 

in the overall structure of the whole population. Metapopulation studies often address 

the extinction and colonization of patches and how these processes affect the local 

populations as well as the metapopulation as a whole (van Nouhuys 2009). 

For almost two decades metapopulation research on the Glanville fritillary 

butterfly has been conducted in the Åland Islands, Finland. The studies have been 

concerned with the population dynamics, evolution, behaviour, natural history and life 

history characteristics of the butterfly as well as its interactions with other species 

(Murphy et al.2004). For example, parasitoids using M. cinxia have been under long 

term studies and much has been learned about specific host-parasitoid interaction during 

the past decade. The focus of the studies in the Åland Islands is on individual species 

but also on multitrophic interactions between species in the community associated with 

M. cinxia (van Nouhuys 2009).  Like most research concerning metapopulations and 

metacommunities, studies in the Åland Islands depend on analyzing spatial structures of 

populations and processes affecting these dynamics (Holt 1997). 

Metapopulation structure can have various effects on the genetics and evolution 

of species. One of the most interesting questions concerning metapopulations is how do 

continuous extinctions and recolonizations affect the genetics and evolution of the 

population as a whole. If extinctions and recolonizations are common and 

metapopulation functions as a set of homogenously distributed subpopulations that 
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experience roughly the same rates of extinction, colonization and migration, it is 

unlikely that the subpopulation would adapt to its local environment and genetically 

differentiate. In terms of hosts and parasitoids, this would mean low local adaptation 

within the metapopulation (Harrison & Hastings 1996). 

However, it is argued that metapopulation structure in nature rarely represents 

this classical metapopulation model and depending on the actual structure of the 

metapopulation, adaptive evolution could take place. For example, if marginal (island) 

populations receive migration from various bigger, mainland patches and then changing 

environment cuts additional migration between populations, the island population may 

undergo different local selection and the subpopulation might undergo genetic 

differentiation. Because populations in nature rarely represent any clear model, it is 

difficult to interpret evolution in metapopulations (Harrison & Hastings 1996). With 

host-parasitoid relationship the models are even more complicated since parasitoid 

virulence is a highly frequency dependent trait and host population has the ability to 

respond to parasitoids (Best et al. 2010).  

  

 

1.3. Parasitoid virulence and host immune response 

 

Organisms have many ways to combat and overcome parasites, parasitoids and 

pathogenic infections. The most significant difference between vertebrate and most 

invertebrate immunology is that invertebrates seem to lack acquired immunity and rely 

mostly on innate immunity (Lavine & Strand 2002).  For insects this seems logical 

because the life span of most individuals is very short and acquired immunity would not 

be a significant factor for survival.   

In insects innate immunity can be divided into humoral and cellular mechanisms 

(Elrod-Erickson et al. 2000). The division is mostly for the convenience of discussion 

since humoral and cellular functions interact strongly and most processes include both 

mechanisms (Strand & Pech 1995). Cellular immune responses in insects are due to 

hemocytes and have been well studied in Drosophila melanogaster (Holz et al. 2003). 

Humoral immune responses refer to molecules (mostly enzymes) that affect the 

functioning of cellular responses. Endoparasitoids in insects are fought mainly by 

encapsulation and phagocytosis of injected parasitoid eggs and larvae and these 
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processes are the result of co-operation of humoral and cellular responses (Sorrentino 

et al. 2001). 

The host resistance towards parasitoids has been most widely studied in fruit 

flies. Fruit flies have several different types of hemocytes and when parasitoid eggs are 

detected, some of these cells migrate to the egg and the encapsulation process starts. 

The immune response also includes melanization of the egg and at the same time 

hematocytes produce free radicals which help to destroy the egg (Schlenke et al. 2007). 

Hematocytes in M. cinxia have not yet been studied but presumably the functioning is 

somewhat similar to already studied Lepidopteran species (Strand 2008) such as the 

model species hawkmoth (Manducta sexta) and soybean looper (Pseudoplusia 

includens). The hematocyte ratios differ significantly in healthy and parasitized 

individuals as the host responds to the parasitoid attack (Ibrahim & Kim 2006).   

Parasitoids on the other hand have to have mechanisms to overcome host 

defences. The term parasitoid virulence indicates the ability of a parasitoid to 

successfully parasitize the host and there are many known mechanisms to overcome 

host defenses. These include venoms, destructive proteins, polydnavirus and special 

types of parasitoid cells called teratocytes. These are all immunosuppressive 

mechanisms and can be found in different parasitoids in different combinations 

(Luckhart & Webb 1996). In addition, some parasitoids develop in locations that are not 

easily accessible to host hematocytes (for example host nerve ganglia) and many 

parasitoids attack hosts that have impaired immunological system due to developmental 

stage. Host eggs are more vulnerable to parasitoids than larvae in general and some 

studies show that hosts that are approaching molting are more susceptible to parasitoids 

(Schmidt et al. 2001).  

Polydnavirus is a virus is injected to the host during ovipositioning by many 

parasitoid wasp species. The virus disrupts the host’s immunological responses. The 

mechanism is still not fully understood but it is know that the virus activates in the 

presence of host DNA (Webb et al. 2006).  The virus codes proteins that are known to 

disrupt immunostimulation of host hematocytes. The virus may also affect the 

development rate of the host (Asgari et al. 1997).  

Teratocytes are cells that are released at egg hatch from the serosa membrane 

surrounding the parasitoid embryo. These cells expand when released into the host 

hemolymph and inhibit growth and development of the host by excreting different types 

of proteins (Firlej et al. 2007). Many studies concerning teratocytes show that the 
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function of these cells varies between species. Studies concerning C. melitaearum 

teratocytes or other immunosuppressive factors have not yet been conducted.  However, 

Hotta et al. (2001) studied teratocytes in a closely related species (Cotesia kariyai) and 

found that parasitoids released on average 163 teratocytes at egg hatching. Their results 

also indicated that teratocytes stayed active throughout the parasitoid development and 

regulated the host development. For some species teratocytes function also as a nutrition 

source for the growing parasitoid larvae (Firlej et al. 2007). Different Cotesia species 

have also been studied in order to understand the determination of host range in 

different Lepidopteran species. The aim has been to increase the knowledge about the 

encapsulation process to better predict the possible host range of biological control 

agents (Alleyne & Wiedemann 2001).   

 

 

1.4. Inbreeding  

 

Inbreeding results from mating of two genetically close relatives such as siblings. The 

effects of inbreeding have been well studied and in general inbreeding leads to 

decreased fitness of a population (Hedrick & Kalinowski 2002). This is called 

inbreeding depression and is documented in M. cinxia populations living in fragmented 

landscapes (Haikola 2003). Small and isolated populations are naturally more frequently 

inbred. Ongoing habitat loss and fragmentation has caused inbreeding to increase and 

this has elevated the extinction risk of many populations in the wild (Fahrig 2003). It 

has also been suggested that inbred individuals are less tolerant of environmental stress 

than outbred populations (Hedrick & Kalinowski 2002) and thus stress such as climatic 

change could put small isolated populations at risk. In the Åland Islands, local 

extinction of M. cinxia is more likely when local populations are inbred than when they 

are not (Nieminen et al. 2001) and this may well be true for most populations in wild.  

There are two main theories about the causes of inbreeding depression 

(Charlesworth & Charlesworth 1987). Both are based on the assumption that inbreeding 

increases genetic homozygosity. The partial dominance hypothesis states that 

inbreeding depression is caused by the expression of deleterious recessive alleles in 

homozygous individuals. This theory predicts that in time deleterious recessive alleles 

will lessen because of natural selection. In other words, if inbreeding continues long 

enough the population might increase in fitness. There is some evidence of this (Carr & 
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Dudash 1996) but in many cases it has been hard to prove. There is some evidence that 

genetic purging of deleterious alleles has happened in Åland M. cinxia (Haikola et al. 

2001) but inbreeding depression is still so strong that it negatively affects the fitness of 

the butterfly.  

The overdominance hypothesis suggests that inbreeding depression is caused by 

heterozygote superiority over homozygotes. In this case genetic load will not be reduced 

as inbreeding continues since heterozygote individuals dominate over homozygotes, 

even if the individual is homozygote with dominant alleles (Charlesworth and 

Charlesworth 1987). The partial dominance hypothesis and the overdominance 

hypothesis have thus very different predictions about what will happen to inbred 

populations in time. Both theories are supported and it might be that both processes take 

place in nature (Carr & Dudash 1997).  

Since inbreeding in most cases seems to be harmful, it is presumed that 

individuals try to avoid mating with close relatives. Many species do avoid inbreeding 

and these cases are widely reported (Krackow & Matuschak 1991, Pusey & Wolf 1996, 

Hoogland 1992) but Åland M. cinxia population seems to have no mechanisms for 

inbreeding avoidance (Haikola et al. 2003).  

The prevalence and possible effects of inbreeding in C. melitaearum have not 

been studied. Since C. melitaearum belongs to the insect order Hymenoptera, it has a 

haplodiploid reproductive system in which males are mostly produced from unfertilized 

eggs and females are produced from fertilized eggs. Thus the effects of inbreeding 

might be very different compared to the non-haplodiploid host. For long it has been 

assumed that inbreeding depression in haplodiploid organisms is low due to their ability 

to purge genetic load in haploid males but recent studied have challenged this idea 

(Henter 2003). 

 

 

1.5. Local adaptation of hosts and their parasitoids  

 

Locally adapted populations vary in space so that the mean fitness is larger in their natal 

environment compared to other environments (Gandon et al. 1998). Depending on the 

balance between local selection and gene flow, genetic divergence between populations 

may occur. This in turn could lead to the formation of genetically distinct and 

specialized populations (Ferrari et al. 2008). Local adaptation is relatively easy to study 
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within host-parasitoid relationship because the local environment (host) of the 

parasitoid is clearly defined. However, experiments studying local adaptation of 

parasitoids using transplant style experiment have not yet been widely conducted, (but 

see Henter 1995, Henter & Via 1995, Hufbauer & Via 1999). In transplant style 

experiment the virulence of a parasitoid is measured in its natal as well as in its alien 

environment (host). 

The degree of local adaptation of the host can be defined as the ability of the 

host to defend against parasitoids. This is the degree of resistance in the host population 

and depends on the immunological responses of the host.  At the same time, the degree 

of adaptation of parasitoids to a host can be defined as the success rate of the parasitoid, 

that is, the virulence of the parasitoid. Unlike abiotic environments, biotic environments 

(hosts) can evolve in response to parasitoid adaptation and co-evolution of hosts and 

parasitoids can lead to highly specialized local adaptation of hosts and their parasitoids 

(Kaltz & Shykoff 1998). Of course, host and their parasitoids are not in isolation from 

their environment - other factors such as hyperparasitoids and predators might affect the 

local adaptation of host and their parasitoids greatly (Gandon et al. 1998).   

Parasitoid and host dispersal rate, parasitoid generation time and parasitoid 

virulence/host susceptibility all contribute to the pattern of local adaptation (Greischar 

& Koskella 2007). Dispersal ability is one of the key elements affecting local 

adaptation. Conventional wisdom holds that there is a negative correlation between 

dispersal ability and local adaptation since individuals that disperse well will more 

likely end up in an alien environment (Gandon et al. 1998). However, more recent 

studies have demonstrated that if the parasitoid dispersal ability is greater than the 

dispersal ability of the host, the parasitoid will be more locally adapted. This is thought 

to be due to increase in genetic variation in parasitoid population, which in turn will 

lead to increased efficiency of natural selection working upon the parasitoid (Gandon 

et al. 1996).  

Interestingly, parasitoid virulence is thought to affect the local adaptation 

positively. This happens because more virulent parasitoids impose a higher selection 

pressure on the host and this strong selection drives divergence between host 

populations. This in turn leads to a greater difference in parasitoid performance in local 

vs. alien hosts (Gandon 2002). 

Finally, many studies suggest that if hosts and pathogens exists very locally, 

pathogen virulence will decrease and host resistance increase (Boots & Mealor 2007). 
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The pathogen becomes more “prudent” when appearing only locally evolving lower 

transmission and virulence. However, this classical density dependent pathogen-host 

model has not been studied in host-parasitoid systems. 

 

 

1.6. Research questions  

 

In this study I conducted a reciprocal transplant style experiment comparing virulence 

and susceptibility of M. cinxia and C. melitaearum from populations around the Baltic 

Sea. I specifically wanted to know if isolated and presumably inbred populations 

differed from outbred populations, and if local adaptation of the host or parasitoid 

occurred. I addressed these topics by measuring the immune response of different host 

populations when parasitized by different parasitoid populations in a laboratory study. 

My research questions were the following:  

 

1. Is there variation of resistance to parasitism among host population types? Are 

inbred host populations less resistant to parasitism?  Resistance to parasitoids was 

measured by comparing differences in host capability to destroy parasitoid eggs 

or larvae.  

2. Do parasitoids differ among populations in their efficiency and virulence (in this 

case number of progeny per host or survival rate of parasitoids in a host) or other 

life history characteristics such as brood sex ratio or size of individual wasps?  

3. Is there local adaptation of the host or the parasitoid? I compared the response of 

the host to its local parasitoid with its response to parasitoids from alien 

locations, and vice versa.  

 

 

2. Materials and methods 

 

2.1. Life cycle of Melitaea cinxia  

 

In the Åland Islands M. cinxia inhabits mainly dry meadows, scrub and woodland 

clearings, dry slopes and hillsides (Hanski et al.1994).  Adult M. cinxia fly from June 

until early July and feed on nectar from several flowering plants. Females lay their eggs 
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in groups of 100-200 on the underside of the leaves of two main host plants: spiked 

speedwell (Veronica spicata) and ribwort plantain (Plantago lanceolata). The larvae 

hatch in two to three weeks and feed gregariously on V. spicata and P. lanceolata 

leaves. The larvae spin a communal silken net that may provide shelter and defend 

against low temperatures and rainy weather (Kuussaari et al. 2004). The silken net 

might also defend larvae against parasitoids and predators (conversation with van 

Nouhuys 2010). 

The larvae remain in groups until late August and then diapause together in a 

thick silken winter nest. The larvae diapause in their fifth instar. In April of the 

following spring, the larvae awake from diapause and start feeding. At this point they 

start to move in order to find more food. Eventually as the larvae grow, the group splits 

into smaller subgroups. Pupation takes place in May, after the larvae have reached 

seventh instar, and the pupal stage lasts two to three weeks (van Nouhuys & Hanski 

2005). 

Although M. cinxia larvae feed on and sequester plants that produce toxic 

chemicals, mainly iridoid glycosides (Saastamoinen et al. 2007, Suomi et al. 2001) and 

therefore are toxic themselves, they are attacked by a few generalist predators. The eggs 

and larvae have reported to be eaten by lady beetles (Coccinellidae), lacewings 

(Chrysopidae), pentatomid bugs (Pentatomidae) and red ants (Myrmica rubra) but no 

avian or vertebrate predation has been detected (van Nouhuys & Hanski 2004). 

Mortality is caused mostly by extreme weather conditions like drought and very low 

temperatures. The pupae are parasitized by specialist and generalist parasitoid wasps, 

for example Pteromalus apum. The larvae are mainly attacked by two parasitoids: 

Hyposoter horticola and Cotesia melitaearum (Lei et al. 1997). 

 

 

2.2. Life cycle of Cotesia melitaearum 

 

Cotesia melitaearum is a multivoltine endoparasitoid that has two to three generations 

per year in the Åland Islands. The parasitoid is gregarious, laying one to 40 eggs inside 

the host, depending on the size and instar of the host larva (Lei et al. 1997). The wasps 

are poor dispersers, typically moving less than 1 km per generation and they cannot be 

found on very isolated host patches (Kankare et al. 2005, van Nouhuys & Hanski 2002). 
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All C. melitaearum populations used in this experiment are somewhat related to each 

other and represent the same haplotype of European C. melitaearum (Kankare et al. 

2004). 

Cotesia melitaearum larvae hatch from the egg inside the host within one to four 

days after oviposition and it has three clearly separate larval instars inside the host, each 

stage taking approximately three to four days (van Nouhuys & Punju 2010). The three 

C. melitaearum generations have dissimilar phenology. Overwintering generation 

develops slowly whereas the second generation during summer usually leaves the host 

13-17 days from the host being parasitized (Figure 1). 

Cotesia melitaearum fourth instar larvae or prepupae exit the host leaving their 

third instar skin inside the host. Each larva then spins an individual silken cocoon near 

the host larva. Adult wasps emerge from the cocoons four to eight days after leaving the 

host. During the autumn C. melitaearum larvae inside the host stop developing and 

spend the winter as first or second instar larvae inside the diapausing host. An 

overwintering C. melitaearum host can support one to ten parasitoid larvae but not all of 

them will survive (van Nouhuys & Hanski 2005). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Life cycle of C. melitaearum. Figure shows three generations per year, but sometimes there are 
only two generations (generation -2 missing). The number of generations per year is dependent on 
many factors, for example spring and summer temperatures.  Figure by van Nouhuys 2004.  
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Cotesia melitaearum first and second instar larvae have mandibles. They do not 

use them for feeding which is done by liquid absorption through skin. Since mandibles 

are not used for feeding they may have a function in competing against other 

endoparasitoids (van Nouhuys & Punju 2010).  Since the larvae cannot develop in a 

dead host, if one C. melitaearum comes out from the host, the others have to be fully 

developed and come out as well within 24 hours in order to survive. 

The parasitoid’s metapopulation dynamics are influenced not only by host 

dynamics and habitat connectivity, but also by host plant distribution, hyperparasitism, 

temperature mediated phenology, and even a plant pathogenic fungus 

(Nouhuys & Laine 2008). Hyperparasitism in C. melitaearum in the Åland Islands is 

caused by generalist pupal ectoparasitoid Gelis agilis (Lei & Hanski 1997, van Nouhuys 

& Hanski 2000). In hyperparasitism, an adult hyperparasitoid (secondary parasitoid) 

oviposits on or in a primary parasitoid. Hyperparasitism is mostly found in the order 

Hymenoptera and in a few species of Diptera and Coleoptera (Sullivan 1987).  

 

 

 

2.3. Characteristics of populations used in the study 

 

I used M. cinxia and C. melitaearum individuals from five locations around the Baltic 

Sea (Figure 2). The M. cinxia individuals came from four origins: Åland (Finland), 

Uppland (Sweden), Öland (Sweden) and Saaremaa (Estonia). The C. melitaearum also 

came from four origins: Pikku-Tytärsaari (Russia), Saaremaa (Estonia), Åland (Finland) 

and Uppland (Sweden). All M. cinxia populations used in this study have one 

generation per year and diapause during the winter. 
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 Host (M. cinxia) population origins: Åland, Uppland, Saaremaa and Öland. 
 Parasitoid (C. melitaearum) population origins: Åland, Uppland, Saaremaa and Pikku-Tytärsaari. 

 
 
Figure 2: A map showing different origins of hosts and parasitoids used in the experiment.  
Map by Suvi Pakarinen 2010.  

 

The Åland Islands form an archipelago in the Baltic Sea between Finland and 

Sweden. The M. cinxia metapopulation in Åland is the only well studied population 

used in this study. In the land area of the islands (1480 km2) there are about 4000 

suitable habitat patches for M. cinxia of which approximately 500 are occupied each 

year. Åland butterfly metapopulation is inbred by nature since the landscape is very 

fragmented, the butterfly is not very dispersive and new patches are frequently 

colonized by a single female butterfly (Hanski et al. 1994). The level of inbreeding may 

vary since some local populations are large and well connected while others are not 

(Saccheri et al. 1998). 
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As mentioned above, inbreeding depression in smaller patches has been studied 

and clearly increases the extinction risk of a local population.  Larval groups in highly 

inbred patches are small because of reduced fitness and survival and the elevated 

extinction risk is mostly due to the quality of a winter nest which in small larval groups 

is poorer compared to larger groups (Nieminen et al. 2001). 

Cotesia melitaearum metapopulation in Åland is also assumed inbred since the 

landscape is very fragmented and the wasp disperses even more poorly than the host 

(van Nouhuys & Hanski 2002). In Åland the wasp can be found only in approximately 

10 % of all M. cinxia local populations and the wasps cannot be found on most isolated 

host patches (Lei & Hanski 1997). Unlike with M. cinxia, the possible effects of 

inbreeding in C. melitaearum have not been studied (Kankare et al. 2005). 

Uppland is a historical province on the eastern coast of Sweden, just north of 

Stockholm. The shortest distance from the host and parasitoid collection sites in 

Uppland to the Åland Islands is approximately 40 km by sea and there is presumably no 

gene flow between them. Uppland M. cinxia metapopulation structure is very similar to 

Åland’s and the population is assumed inbred. Though very little is known about the 

C. melitaearum population in Uppland, the metapopulation is also assumed inbred since 

the host appears in somewhat isolated patches.   

Öland is the second largest Swedish island (1342 km²) and it is located in the 

Baltic Sea just off the coast of Småland, approximately 340 km southeast of the Åland 

Islands. Öland M. cinxia differs in evolutionary history from the other populations used 

in this study and it has been isolated from the others for a longer period of time. 

Together with most central and western Europe, Öland M. cinxia belongs to the Central 

European clade of European M. cinxia while other M. cinxia populations used in this 

study belong to the Eastern clade of European M. cinxia. Differences in evolutionary 

history are due to climatic changes during Pleistocene when glaciations processes 

isolated populations in refugees. Isolation among refugial populations caused genetic 

and phenotypic differentiation as a result of adaptation to local environments (Wahlberg 

& Saccheri 2007). 

It is assumed that M. cinxia from Öland is less inbred than in Åland because 

habitat patches are large and they host many hundred M. cinxia nests (conversations 

with Ikonen 2010). However, patches are somewhat isolated from one another by 

forests so some smaller patches might be inbred. Öland itself is isolated and there is no 

gene flow from mainland Sweden (Norberg & Leimar 2002).  The butterfly hosts 
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C.  melitaearum in Öland but not much is known about the parasitoid’s population 

structure there.  

Saaremaa is the largest island in Estonia (2673 km²) and it belongs to the West 

Estonian Archipelago. Saaremaa M. cinxia population is considered to be outbred 

because, as in Öland, the butterfly populations are large, and the habitat patches are 

large and well connected. Also, Kankare et al. (2005) found that C. melitaearum 

populations in Saaremaa are less inbred and less genetically differentiated that in the 

Åland Islands.  

Pikku-Tytärsaari (Sävyö) is a small uninhabited Russian island in the Eastern 

Gulf of Finland. The island is approximately 2.5 km2 and the host M. cinxia is found in 

the only meadow there, which is situated along the island’s cost. The meadow is long, 

narrow and exposed, and supports approximately 100 M. cinxia nests. The island does 

not have P. lanceolata and thus Pikku-Tytärsaari M. cinxia uses only V. spicata. Pikku-

Tytärsaari is located near a bigger island Suur-Tytärsaari (8.1 km2) and the shortest 

distance between these islands is 14 km.  The existence of M. cinxia in Suur-Tytärsaari 

is unsure (conversations with Hanski 2010).  

Pikku-Tytärsaari M. cinxia and C. melitaearum populations have likely been 

isolated for over a 100 years. Until 2009 the last reported M. cinxia sightings in Pikku-

Tytärsaari were made in the 1930s and the island has been inaccessible because of 

Russian military use since 1940s. The butterfly larvae or pupae were probably carried to 

the island by boats since adult butterflies could not have brought C. melitaearum to the 

island (conversations with Hanski & van Nouhuys 2010). The parasitoid was found on 

the island when it was sampled for M. cinxia in autumn 2009.  

It remains a question how such a small and isolated population of hosts can 

support a population of specialized parasitoids. The nearest mainland is found in 

Estonia, some 30 km away from the southern tip of Pikku-Tytärsaari and both M.cinxia 

and C. melitaearum are found in this mainland coastal area. Very little is known about 

M. cinxia and C. melitaearum living in the island but both populations are surely highly 

inbred. Ongoing studies of Pikku-Tytärsaari M. cinxia show that the butterfly has low 

fitness, probably due to heavy inbreeding (conversations with Hanski 2010). It is not 

known if the community includes hyperparasitoids but the presence of a generalist 

hyperparasitoid such as Gelis agilis is possible.  
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2.4. Preparation work for the reciprocal transplant style experiment 

 

Melitaea cinxia and C. melitaearum were obtained in autumn 2009 from five different 

locations around the Baltic Sea (Figure 2) by various researchers. The experiment itself 

and related preparation work took place in Jomala, the Åland Islands during spring and 

summer 2010. The experimental design required a lot of preparation work and most of it 

was done by Saskya von Nouhuys. Before the experiment started she coded M. cinxia 

larval groups and C. melitaearum females used in the experiment so that I did the whole 

experiment blind and only learned the origins of wasps and hosts after the experiment.   

I carried out the actual experiments during six weeks in July and August 2010.   

In addition to reciprocal transplant style experiment I conducted two other small 

scale studies.  One concerned C. melitaearum egg development rate and the other was a 

morphological comparison between wasp populations using adult C. melitaearum 

individuals.  

 

 

2.4.1. Melitaea cinxia origins and rearing 

 

Parental population of M. cinxia individuals used in the experiment were collected from 

four different locations (Figure 2). Specific origins and coding of the M. cinxia 

collection sites can be seen in appendix 1.   

The Åland M. cinxia were the progeny of lab reared butterflies whose parents 

were from many different populations around Åland.  Each female butterfly was mated 

to a non-sibling male and the female progeny of these butterflies were used in the 

experiment.  

The Uppland M. cinxia were from three collection sites in the area of Väddö on 

the east coast of Sweden (nests located at Tomta, Söderlund and Hammarby). These 

nests are all in a 10 km2 area and the patches are isolated from each other. Butterflies 

from four different M. cinxia nests were used (Conversations with Ikonen 2010).  

The Öland M. cinxia were from at least three collection sites (nests located at 

Skogsby, Buserum and one or more unknown sites). Skogsby and Buserum are close to 

each other (4 km) but there is a forest between the patches so there is probably little 

gene flow. Skogsby and Buserum patches are large and both have several hundred 
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M. cinxia nests. Butterflies were collected in Buserum from one nest and in Skogsby 

from two nests. Many butterfly individuals from unknown sites were used so we cannot 

tell for sure from how many nests we obtained individuals (conversations with Ikonen 

2010).  

Saaremaa M. cinxia were from five collection sites from the Island of Saaremaa 

(nests located at Karala, Kaugatoma, Kurevere and two unknown sites). These patches 

are all very large and rich in M. cinxia. They are isolated from each other, being tens of 

kilometers apart.   

Uppland, Öland and Saaremaa M. cinxia larvae were collected in September 

2009 by Suvi Ikonen.  All were collected as fifth instar diapausing larvae, and spent the 

winter in a temperature-controlled growth chamber in Lammi Biological station, 

Finland. May 1 2010 Uppland, Öland and Saaremaa larvae were sent to the lab in 

Jomala where they were reared in a temperature-controlled growth chamber (Table 1). 

Åland M. cinxia larvae were put in a root cellar in mid August 2009 for diapause, and 

then reared and mated in the same way as the Uppland, Öland and Saaremaa larvae in 

the spring. All larvae were fed field collected P. lanceolata and V. spicata.  

 
Table 1: Conditions of temperature-controlled growth chamber in Jomala (Sanyo, MCR-350) 

Time of the day Time (h) Temperature ( °C ) Light level (0 - 5) 

11.57 3 25 4 

14.57 7 27 5 

21.57 3 25 4 

00.57 2 15 2 

2.57 7 8 0 

9.57 2 15 2 
 

Once the field collected M. cinxia larvae pupated in spring 2010, they were kept 

in mesh covered boxes at room temperature. After 10 to 14 days the adult butterflies 

emerged.  Several males (8) from a single collection site were put in a 30 x 30 x 50 cm 

mesh cloth covered cage in a greenhouse.  A female from a different collection site 

within the same origin was put in the cage for 24 hours to mate.  After mating the 

female butterfly was moved to a sleeve cage with V. spicata plant and a sponge 

moistened with honey water (3 parts water : 1 part honey).  After the females lay eggs, 

the egg clusters were placed in Petri dishes in a temperature-controlled chamber  

(Table 1).  
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2.4.2. Cotesia melitaearum origins and rearing 

 

Wasps were collected from four different origins (Figure 2) and were obtained from 

parasitized field-collected fifth instar M. cinxia, some of which were from the same 

nests as the M. cinxia whose progeny were used in the experiment. Again, the collection 

was done in September 2009 by Suvi Ikonen. Specific origins of the collection sites for 

M. cinxia containing C. melitaearum can be seen Appendix 2.   

Åland C. melitaearum were obtained from three different M. cinxia populations 

in Eckerö and Jomala. Uppland C. melitaearum were from three M. cinxia populations 

in Tomta, Söderlund and Hammarby. Saaremaa C. melitaearum were from two 

M. cinxia populations in Kaugatoma and Kurevere. Pikku-Tytärsaari C. melitaearum 

were from three M. cinxia nests in a single meadow, which is the only meadow in the 

island that hosts M. cinxia.  

Cotesia melitaearum came out of the field collected late fifth instar M. cinxia 

larvae and pupated in the spring of 2010.  They were moved to individual Eppendorf 

tubes until adult emergence.  Wasps from Pikku-Tytärsaari were sent by mail from 

Lammi to Jomala as two day old cocoons. A few days after emergence the wasps were 

mated to individuals from different collection sites of the same origin. Each mated 

female parasitized five sixth instar laboratory reared M. cinxia larvae from Åland. 

Female progeny of these wasps were mated to individuals from different collection sites 

of the same origin and used for parasitizing in reciprocal transplant style experiment.  

The adult wasps were fed honey water (1 parts honey : 3 parts water).  

 

 

2.5. Experimental protocol for reciprocal transplant style experiment  

 

2.5.1. Parasitizing  

 

Melitaea cinxia larvae were kept in temperature-controlled chamber (Table 1). Most 

Petri dishes contained one egg cluster (a family of up to 150 larvae) but a  few dishes 

contained eggs from several mothers from the same site.  I fed the larvae field-collected 

and greenhouse-grown P. lanceolata and V. spicata daily. The young (first and second 

instar) M. cinxia larvae were mostly fed V. spicata since it is more tender than 
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P. lanceolata and better suited to small larvae. I also cleaned and moistened the Petri 

dishes when needed.  

I fed mated C. melitaearum females honey water and kept them in small 

(15 cm3) transparent plastic tubes at 11 °C when they were not used. When I used the 

wasps, I brought them out of the cold chamber to room temperature one hour in advance 

and fed them. The wasps were kept in 11 °C to lengthen their life span.  

The M. cinxia larvae were parasitized in their third instar. I let the larvae grow 

until majority of the larvae in a single Petri dish were third instar. From a single host 

origin I selected five M. cinxia larval groups to be parasitized (Appendix 1).  

Larvae from each M. cinxia family (egg cluster) were parasitized by wasps from 

all four origins, for a total of 40 larvae (10 per wasp origin). Each set of 10 larvae from 

a single host family parasitized by wasps from a single origin was put in a Petri dish.  

Parasitizing was done sequentially by butterfly origin, one replicate at a time until five 

replicates of each butterfly origin had been parasitized.  That is, I parasitized all four 

host origins (which took usually 4 days) before starting a new round (Table 2).  

The aim was to parasitize one M. cinxia larval group in a day (40 M. cinxia 

larvae parasitized, 10 per each wasp origin) but depending on wasp behaviour, it was 

prolonged over a few days. As an example, M. cinxia larvae from Åland parasitized by 

Pikku-Tytärsaari wasps are highlighted in table 2. These larvae can be thought of as 

replicates. Altogether the experiment included 800 parasitized host larvae and 

parasitizing took 25 days to be completed.  

Due to the rate of development of larval groups and the length of time required 

to parasitize the larvae, I stored some of the larval groups at 11 °C after most of that 

particular group had reached third instar. This was done in order to slow down the 

development of larvae so that they could all be parasitized as third instar larvae.   

Each larva was parasitized individually, so all parasitism was observed. I put an 

individual wasp in a small plastic container along with M. cinxia skins, silk, and fifth 

instar larva (these were added to stimulate the wasp’s interest in parasitizing). I let the 

wasp fly and jump in the container and get ready to parasitize. After a few minutes I 

offered the wasp a third instar M. cinxia larva which I had picked up with a soft brush. 

After the wasp parasitized the larvae, I placed the parasitized larvae in a Petri dish.  

Then I either offered the female wasp a new larva (if it hadn’t done many already) or 

put the wasp back in the plastic tube and used another wasp from the same origin. Some 

wasps showed no interest in parasitizing so I could not use them.  
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Table 2: General parasitizing design and timetable. As an example, I highlighted Åland M. cinxia 
parasitized by Pikku-Tytärsaari C. melitaearum.  
 

  C. melitaearum origins and number of M. cinxia parasitized 

Day M. cinxia origin  Pikku-Tytärsaari Saaremaa   Åland Uppland 

1 Åland 10 10 10 10 
2 Öland 10 10 10 10 
3 Saaremaa 10 10 10 10 
4 Uppland 10 10 10 10 
5 Åland 10 10 10 10 
6 Öland 10 10 10 10 
7 Saaremaa 10 10 10 10 
8 Uppland 10 10 10 10 
9 Åland 10 10 10 10 

10 Öland 10 10 10 10 
11 Saaremaa 10 10 10 10 
12 Uppland 10 10 10 10 
13 Åland 10 10 10 10 
14 Öland 10 10 10 10 
15 Saaremaa 10 10 10 10 
16 Uppland 10 10 10 10 
17 Åland 10 10 10 10 
18 Öland 10 10 10 10 
19 Saaremaa 10 10 10 10 
20 Uppland 10 10 10 10 

 

 

Each larva was parasitized only once, but individual wasps were used to 

parasitize same larval group multiple times. The aim was always to use three wasps per 

ten larvae, but due to the occasional unwillingness of the wasps this could not always be 

done. Parasitizing took place during the day, with the wasps being most active in the 

afternoons. Parasitizing was done so that maximal diversity within a wasp population 

would have been obtained.  

I placed the parasitized larvae in a temperature-controlled chamber (Table 1) 

until dissection, death or the emergence of C. melitaearum cocoons. I fed parasitized 

M. cinxia larvae field-collected and greenhouse-grown P. lanceolata and V. spicata. 

When the wasps were not needed anymore, I preserved them individually in Eppendorf 

tubes with 95 % alcohol and froze them for further analyses. Wasps that died during the 

experiment were treated the same way.  
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2.5.2. Dissections 

 

In order to measure the efficiency of the parasitoid as well as the defensive response of 

the host, I dissected part of the hosts four days after parasitizing. I dissected three larvae 

from each Petri dish and recorded the findings (Table 3). I chose the larvae to be 

dissected randomly and all the individuals were alive when dissected. I did the 

dissections in saline solution under a stereo microscope with multiple magnifications 

(up to x 112). I also took photographs of interesting or representative cases.  I 

categorized what I found (number of parasitoids and their condition) based on 

observations made by Lea Heikkinen earlier in 2010. These dissections done four days 

after parasitizing are later referred to in the text as “first dissections”.  

Categories of parasitoid condition (Table 3) were easy to distinguish. Parasitoids 

that fit into multiple categories could be found inside a single host larva and the number 

of parasitoids in each category was recorded. Figure 3 shows photographs of some the 

different categories for the first dissections.   

Parasitoid larvae that were still inside the egg did not move, even if alive, so I 

could not tell dead from alive larvae before hatching. I assumed that an egg with no host 

immune cells (hemocytes) surrounding it and no clear injury was alive (category 1). If 

the egg clearly had host immune cells on it, it was placed in category 2. Alive larvae 

were always moving and could be detected easily (category 3 and 4). Category 5 

included dead larvae that had no cells on them and no other clear injury could be seen. 

The larvae were not moving and appeared to be dead for an unknown reason. These 

unknown reasons might have been defence by host or developmental problems in 

parasitoid itself. It is also possible that the parasitoid larvae died as a result of the 

dissection. If a dead larva clearly had hemocytes on it, it was placed in category 6. 

Category 7 includes objects that looked like an egg or larvae that were partly degraded 

or covered so heavily in cells that the structure of the developing egg or larvae could not 

be seen anymore.  
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Table 3: Categories for dissections done 4 days after parasitizing later referred as “first dissections”.  

Categories for first dissections                                                                                                                    

1. Cotesia melitaearum egg (larvae seen in egg sack)  

2. Cotesia melitaearum egg with hemocytes  

3. alive Cotesia melitaearum larvae,   

4. alive Cotesia melitaearum larvae with hemocytes  

5. dead Cotesia melitaearum larvae which look ok (no hemocytes)  

6. dead Cotesia melitaearum larvae with hemocytes  

7. Cotesia melitaearum aggregate (structure of egg or larvae not seen)  

8. nothing   

 

 

The seven larvae left in each Petri dish were kept in temperature-controlled 

chamber (Table 1) and fed P. lanceolata and V. spicata until they died because a 

C. melitaearum prepupa came out, or because of an unknown reason. If they died of an 

unknown reason, I dissected them and recorded the findings. If C. melitaearum came 

out I waited one day (in case more C. melitaearum would come out), and then dissected 

the host and recorded the findings.  

If parasitized M. cinxia larvae did not die, I dissected them 20 days after 

parasitizing if the larva had reached fifth (diapause) instar. If not, larvae were dissected 

later – either when they reached fifth instar, or in a few cases fourth instar alive larvae 

were dissected in the end of the experiment (up to 36 days after parasitizing). All the 

dissections other than “first dissections” (four days after parasitizing) are referred later 

on in the text as “second dissections”.   
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Figure 3: First dissection photographs of C. melitaearum egg and larvae inside M. cinxia.  
C. melitaearum larva developing inside an egg (A). C. melitaearum egg with hemocytes (B). Dead 1st  
instar C. melitaearum larva with hemocytes (C). Alive C. melitaearum 1st instar larva with hemocytes (D).  
Dead 1st instar C. melitaearum with hemocytes attached to host gut (E) “Aggregate” of hemocytes 
encasing an egg or 1st instar C. melitaearum. Dissections were done under Meiji Techno RZ PL2000 and 
photographs taken with Nikon COOLPIX P6000. Contrast settings and cropping was done with Adobe 
Photoshop CS5. Pictures were taken with different magnifications and zooms. On average parasitoid egg 
length is 0,25 mm and 1st instar parasitoid larva length is 0,4 mm.  
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Categories for the second dissection can be seen in table 4 and photographs of 

some of the categories can be seen in figure 4. Other information was also gathered, 

most important of these were the time of death (how many days after the parasitizing 

the host died) and host instar when the M. cinxia larva died.   

Parasitoid instars inside the host were easy to differentiate. First instar larvae are 

clearly smaller (approximate length 0,4 mm) than the other instars and the larvae have 

small mandibles. Second instar (approximate length 1,5 mm) has a visible bubble 

formation in the rear end and also mandibles are visible.  The function of the bubble 

formation is unknown but it is assumed to have a function in gas and liquid exchange 

(Caccia et al. 2001). Third instar parasitoid larva (approximate length 3,5 mm) still has 

the bubble formation but mandibles are not visible anymore. Size is also an important 

factor determining the instar, though depending on the host size and parasitoid number 

inside the host, third instar larvae can differ in size greatly. 

 
Table 4: Categories and other information gathered for second dissections of parasitized M. cinxia 
(dissection done 20 + days after parasitizing or when the host larva died) 

Categories for second dissections 

1. nothing inside 

2. alive 1st   instar Cotesia melitaearum  

3. dead 1st  instar  Cotesia melitaearum (looks ok) 

4. alive 1st  instar  Cotesia melitaearum with hemocytes 

5. dead 1st   instar  Cotesia melitaearum  with hemocytes 

6. alive 2nd instar Cotesia melitaearum  

7. dead 2nd instar  Cotesia melitaearum (looks ok) 

8. alive 2nd  instar  Cotesia melitaearum with hemocytes 

9.  dead 2nd  instar  Cotesia melitaearum with hemocytes 

10 alive. 3rd  instar Cotesia melitaearum  

11. dead 3rd  instar  Cotesia melitaearum (looks ok) 

12. alive 3rd  instar  Cotesia melitaearum with hemocytes 

13. dead 3rd  instar  Cotesia melitaearum  with hemocytes 

14. small aggregate (egg or 1st instar Cotesia melitaearum aggregate) 

15. big aggregate  (2nd or 3rd instar Cotesia melitaearum aggregate) 

16. Cotesia melitaearum skin (from C. melitaearum leaving the host) 
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Figure 4: Second dissection photographs of C. melitaearum larvae inside M. cinxia. 
Dead C. melitaearum 2nd instar larva with hemocytes (A).  Alive 3rd instar C. melitaearum larva (B). Two 
alive 3rd instar C. melitaearum larvae attached to each other of an unknown reason (C). Dead 2nd instar 
C. melitaearum larva with no hemocytes (looks ok) (D). Dead 3rd instar C. melitaearum with hemocytes 
(E). Three skins of 3rd instar C. melitaearum who have left the host. Dissections were done under Meiji 
Techno RZ PL2000 and photographs taken with Nikon COOLPIX P6000. Contrast settings and cropping 
was done with Adobe Photoshop CS5. Pictures were taken with different magnifications and zooms. On 
average 2nd instar parasitoid larva length is 1,5 mm and 3rd instar parasitoid larva length is 3,5 mm.  
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2.5.3. Cotesia melitaearum cocoons 

 

I weighed C. melitaearum cocoons one day after emergence (Mettler Toledo balance, 

XS105 Dual Range). It was important to weigh the cocoons at this point since later the 

cocoons become lighter, probably because they lose water. I moved the cocoons to 

individual Eppendorf tubes and kept them in a temperature-controlled chamber 

(Table 1). After five to eight days when the adult wasps emerged, I determined their 

sexes, preserved them in individual Eppendorf tubes with 95 % alcohol and froze them 

for further analyses. If the wasp did not emerge from the cocoon, I dissected the cocoon 

under a stereomicroscope and if possible determined the sex. Table 5 shows data which 

were used in the analyses.  

 
Table 5: Recorded variables in cocoon data.   
 

Dependent variables for statistical analyses  

Cocoon weight (mg)  

Cocoon sex (f/m)  

Parasitoid development time inside the host (days)  

Parasitoids development time in the cocoon (days)  

Wasp emerge from the cocoon (yes/no)  

Host produced only one cocoon  (yes/no)  

Cocoon number in a host (n)  
 
 
 

2.6. Cotesia melitaearum external morphology 

 

Morphological comparisons of the wasp populations used in the study have not been 

concluded before. Discovering morphological differences between parasitoid 

populations might help to explain some aspects of the host-parasitoid relationship. I 

compared the adult morphology of wasps from Åland, Saaremaa, Uppland and Pikku-

Tytärsaari. From each origin ten males and ten females were used.  The females were 

individuals used in the reciprocal transplant style experiment and males were siblings of 

these females. Wasps were selected so that maximum diversity from the origin would 

be achieved. It is worth noting that the wasps used in the morphology comparisons were 

the progeny of field collected wasps, and all were reared under uniform conditions in 

M. cinxia from Åland. 
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Prior to the measurement the wasps were preserved in 95 % alcohol. For 

measurement I placed each wasp in a glass Petri dish with a small amount of alcohol. I 

prepared the wasp under a microscope by removing the front wing and hind leg with 

forceps and arranging them lying flat next to each other. I set the camera and 

microscope so that the magnification remained exactly the same throughout the 

measurements (camera was set to no zoom and the microscope magnification was fixed 

at x 37,5). Some pictures included a measuring stick to check the scale (Figure 5).  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Example of a photograph used in the morphology comparisons (microscope Meiji Techno RZ 
PL2000, camera Nikon COOLPIX P6000). Figure shows the front wing and hind leg of a Saaremaa female 
(ID 6, Kaugatuma).  

 
 

From each photograph tibia length, wing width and wing length was measured 

using the software Scion Image for Windows. Wing length was measured from the tip 

of the wing to a black spot at the base of the wing (tegula). The tegula is a part of a 

thorax that came out easily when I detached the wing. Wing width was measured from 

the widest point so that the line was drawn in 90 degree angle to the opposite side of the 

wing. I also calculated tibia/wing length, tibia/wing width and wing length/width ratios 

to be used in statistical analyses (Table 6).  
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Table 6: Recorded variables in C. melitaearum external morphology data 
 
Dependent variables for statistical analyses 
Wing lenght (µm) 
Wing width (µm) 
Tibia lenght (µm) 
Wing widht/leght ratio 
Tibia/wing lenght ratio 
Tibia/wing widht ratio 
 

Tibia size can be used in evaluating the individual’s body size: long tibia 

indicate a large body. Wing size can be evaluated by the length and width of the wing 

and in some cases by calculating the wing area. As wing size increases, the length 

usually increases more than the wing width. If wing width/length –ratios are compared 

between populations of the same species, smaller ratio usually indicate bigger (longer) 

wings.  Of course, small wing width/length ratio could also be due to especially narrow 

wings but usually the determinant factor is the wing length.   

Tibia/wing size ratio is used in evaluating the dispersal ability of the individual 

and population. Large wings compared to body size suggest that the individual’s wings 

are in use and the dispersal ability is good. Of course, these statements are rough since 

flight mechanisms are extremely complicated and many other factors beside the wing 

size affect the flight ability of the wasp (Roff 1986). I did not use the wing area because 

the wings were not uniform in shape and I did not have the tools to determine the exact 

wing area well enough.  

 

 

2.7. Cotesia melitaearum egg development experiment 

 

After the other experiments I did a small scale study of the development rate of 

C. melitaearum eggs by dissecting parasitized M. cinxia larvae at an early stage after 

parasitizing. Egg development experiment was done in order to evaluate if dissections 

done four days after parasitizing were suitable for the studied variables. I did the 

dissection on days 1, 2, 3 and 4 after parasitizing. The experiment was carried out using 

third instar host larvae that were available, which were a mixture Öland M. cinxia. 

A subset of wasps used in the reciprocal transplant style experiment, from Pikku-

Tytärsaari, Åland and Saaremaa were used.  Uppland wasps were not used because of 
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their general unwillingness to parasitize.  I parasitized altogether 180 host larvae, 60 per 

wasp origin. 

On day one, I dissected five larvae from each wasp origin. On days 2,3 and 4 

 I dissected altogether 15 larvae from each wasp origin. The left over larvae (10 per 

wasp population) were spares in case hosts had died during the experiment. Results 

from the dissections were categorized as in the first dissections of reciprocal transplant 

style experiment (Table 3). The experiment was done in such a small scale that 

statistical analyses were not conducted but figures were made and interpreted.  
 

 

2.8. Statistical analyses 

 

Statistical models were fitted using JMP version 8.0 and PASW version 18.0. Figures 

were drawn with JMP 8.0. Models were constructed so that they included all the 

necessary independent variables and possible interactions. My main questions with 

different variables were the following: 

 

1. Is there a difference in variable X between different host and wasp 

populations?  

2. Is there an interaction between different wasp and host populations 

when looking at variable X?  

3. Is there a difference between inbred and non-inbred populations (inbred 

vs. non-inbred or inbreeding on scale 1-5) when looking at variable X?  

4. Is there a difference between local vs. non-local host-parasitoid 

relationship when looking at variable X?  

 

My main interests were the differences between host and wasp populations but 

also the interaction between host and wasp populations. Since the possible effects of 

inbreeding and local adaptation were also my interest, I used inbreeding and local 

adaptation as independent variables as well. Inbreeding was used as a binominal and 

ordinal variable (Table 7) and local adaptation was coded as a binomial variable (0 = 

non local host-parasitoid relationship meaning host and parasitoid are not from the same 

origin, 1= local relationship meaning host and parasitoids are from the same origin). I 

was not particularly interested in the effects of host families but if host family was a 
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significant factor, family was included in the model nested within host origin and when 

the model allowed, it was considered as a random factor.  

 
Table 7: Inbreeding with binomial and ordinal scale used as an independent variable in statistical 
analyses. Scaling is based on previous knowledge and assumptions about the level of inbreeding (Hanski 
and van Nouhuys 2010). 
 

Host Inbreeding  Inbreeding  (1 -4) Wasp Inbreeding  Inbreeding (1 -4) 
Öland No 2 Pikku-Tytärsaari Yes 4 
Åland Yes 4 Åland Yes 3 
Uppland Yes 3 Uppland Yes 2 
Saaremaa No 1 Saaremaa No 1 

 

All together I had four different datasets to be analyzed: first dissection data, 

second dissection data, C. melitaearum cocoon data and C. melitaearum external 

morphology data. When analyzing data from the dissections, I used categories from 

dissections presented in tables 3 and 4 but I also calculated various ratios using these 

data. For example, hosts’ resistance against parasitoids was measured as ”defence 

ratio,” which is the ratio of parasitoids attacked by the host compared to all parasitoids 

found inside that particular host. Dependent variables for the first and second 

dissections are presented in appendix 3 and 4.  The studied variables for cocoon data 

and C. melitaearum external morphology data are already presented in tables 5 and 6. 

Data were analyzed with regression models. Models were checked and discussed 

with Saskya van Nouhuys prior to analyses. Because of my research questions required 

numerous analyses and it is not reasonable present them here in detail, I have 

summarized examples of models I’ve used in Table 8. All tests were parametric and the 

residuals were checked when fitting the model. Fitting was checked using several 

goodness of fit tests. Detailed information of models presented in results can be found 

in appendix 5. Each model is referenced with a number in the text or legend (for 

example *M1 means model 1 in appendix 5). After finding the right model I further 

compared the means of different treatments using multiple comparison procedures 

(Tukey HSD and Student’s t-test) and by contrasting specific means with one another. 

Multiple comparison procedures are referred in the text with the model number and test 

number (*M9-3 = model number 9, comparison number 3). Only comparisons 

concerning host-wasp interaction are presented in detail. Details about comparison 

procedures can be found in appendix 6.   
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Table 8: Model types and examples of how these models have been used in statistical analyses.  

Model  Type of data Example  
GLM, Poisson distribution 
with log function 
 

Positive count data with a lot 
of zeroes 
 

Count of C. melitaearum eggs (larvae 
seen in egg sack) in first dissection 
 

GLM, binomial distribution 
with logit function 

0/1 data 
Male/female, local/non local host-
parasitoid relationship 
 

GLM, standard least squares 
Data with normal distribution 
and homogenous variances 

Weight of C. melitaearum cocoons, many 
of the calculated ratios 

 

 

3. Results 

 

3.1. First dissection 

 

Number of total parasitoids (eggs, larvae and aggregates) found in a host varied from 

0 to 7 to, and the mean differed among wasp populations. Pikku-Tytärsaari wasps had 

more parasitoids inside hosts in general (mean number 2,68),  which was significantly 

different from Saaremaa (mean number 2,31) and Åland (mean number 2,18) wasps 

(Figure 6).   

 
LSMeans 
Total parasitoids  
 
 
 
 
 
 

 
 
 
 
  
 
                                                          Wasp origin 
         
 
Figure 6: Number of total parasitoids (eggs, aggregates and larvae) inside the host by wasp origin in the 
first dissection. Pikku-Tytärsaari wasps had more total parasitoids compared to Saaremaa and Åland 
wasp populations (p <0,0273; R2 = 0,254) *M1.  
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The number of total parasitoid larvae was significantly smaller in Öland hosts 

(mean 1,25 parasitoid larvae per host) than in other host populations (Figure 7). Öland 

hosts also had significantly lower number of alive parasitoid larvae compared to other 

host populations (Öland 0,78 alive parasitoid larvae per host, Åland, Saaremaa and 

Uppland hosts 1,37; 1,27; 1,37 alive parasitoid larvae per host respectively, p< 0,0131; 

R2 = 0,216 *M2).  

 
LSMeans 
Total parasitoid larvae 

 
Figure 7: Number of total parasitoid larvae by host origin in the first dissection. Öland hosts are 
significantly different from all other hosts having fewer total parasitoid larvae (p<0,0143; R2 = 0,255 
*M3).   
 

The fraction of eggs can be used in evaluating the development rate of the 

parasitoids. The fraction of parasitoids that were eggs varied from 0,06  to 0,24 and 

differed among wasp populations and among host populations. There was also a 

significant interaction between host and wasp population. Öland hosts had the largest 

fraction eggs (0,24) indicating that parasitoids develop slowly in Öland hosts (Figure 8). 

This is also the reason why number of total parasitoid larvae was lowest in Öland hosts 

(Figure 7).  

Pikku-Tytärsaari and Uppland wasps had a larger fraction eggs than Åland and 

Saaremaa wasps (Figure 9) indicating that at this point, Pikku-Tytärsaari and Uppland 

parasitoids are developing slower than Åland and Saaremaa parasitoids.  
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LSMeans 
Fraction of eggs from total parasitoids 

 
Figure 8: Fraction of parasitoids that were still eggs in the first dissection by host origin. Öland hosts are 
significantly different from other hosts with higher fraction of eggs from total parasitoids (p<0,0054; 
R2 = 0,349 *M4). 
 
 
 
 
LSMeans 
Fraction of eggs from total parasitoids 

 
Figure 9: Fraction of parasitoids that were still eggs in the first dissection by wasp origin. Pikku-Tytärsaari 
and Uppland wasps have significantly greater fraction of eggs than Åland and Saaremaa wasps 
(p<0,0109; R2 = 0,349*M4). 
 
 

Interaction between wasp and host was also significant when looking at fraction 

eggs (p<0,0081; R2 = 0,349*M4). A larger fraction of the parasitoids were still eggs 

when the Pikku-Tytärsaari wasps parasitized Öland hosts than when the Pikku-

Tytärsaari wasps parasitized other hosts (*M4-1).  Also, Uppland wasps in Saaremaa 

hosts have significantly lower fraction of parasitoid eggs than Uppland wasps in other 

hosts (*M4-2, Figure 10). 
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Figure 10: Fraction of eggs from total parasitoids by wasp and host origin in the first dissection. When 
compared pairwise, Pikku-Tytärsaari wasps in Öland host are different from Pikku-Tytärsaari wasps in 
other hosts (p<0,0001 *M4-1) and Uppland wasps in Saaremaa hosts are significantly different from 
Uppland wasps in other hosts (p<0,0036 *M4-2). 
 

Some host individuals had nothing inside or all the parasitoids found were dead. 

These hosts were predicted to survive the parasitism.  The “survival rate” of the 

butterfly differed among host populations. There was also an interaction between host 

and wasp population. Overall, 24 % of the parasitized hosts would have survived 

parasitism. A higher fraction of hosts from Saaremaa (25 %) and Öland (35 %) would 

have survived than hosts from Åland (18 %) and Uppland (18 %) (Figure 11). For 

Saaremaa host this was due to a large number of hosts that actually defended against 

parasitoids and for Öland hosts it was due to the large number of hosts in which nothing 

was found in.  
 
LSMeans 
Host survival rate 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Host survival rate by host origin in the first dissection. Öland and Saaremaa hosts had a higher 
survival ratio and are significantly different from Uppland and Åland hosts (p<0083; R2 = 0,1971 *M5).  
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Other variables that were statistically analyzed in the first dissection 

(Appendix 3) were not significant (except in terms of host families). Host resistance or 

parasitoid virulence (when measured as the fraction of developing parasitoids that were 

alive in a host) did not differ between host and wasp populations. There was also no 

evidence of alien vs. local host-parasitoid relationship or inbreeding for any of the 

studied variables.  

 

 

3.2. Second dissection 

 

Fraction of parasitoids attacked by the host (host defence rate) varied from 0 to 100 % 

between individual hosts and the mean was significantly different between host 

populations.  Öland hosts were less defended (52 %) than other hosts (Figure 12).  

 
LSMeans 
Fraction of attacked parasitoids 

 
Figure 12: Fraction of attacked parasitoids by host origin in the second dissection. Öland hosts are 
significantly different from other hosts having the smallest defence rate (p<0,0094, R2 = 0,199 *M6). 
 
 

The fraction of parasitoids that were still in the first instar during second 

dissection differed between wasp populations (from 0,10 to 0,37) and the interaction 

between host and wasp population was also significant. Pikku-Tytärsaari wasps had 

significantly smaller fraction of first instar parasitoids (0,10) compared to other wasp 

populations (Figure 13), indicating that Pikku-Tytärsaari parasitoids are unwilling 

and/or unable to stay as first instar parasitoids inside the host.   
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Figure 13: Fraction of 1st instar parasitoids from all parasitoids by wasp origin in the second dissection. 
Pikku-Tytärsaari wasps had significantly smaller fraction of 1st instar parasitoids compared to other wasp 
populations (p<0,0001; R2 = 0,239 *M7). 
 
 
 

The interaction of wasp and host populations in the fraction of first instar 

parasitoids was significant in many cases (Figure 14), most obvious being Saaremaa 

wasps that had a smaller fraction of first instar parasitoids in Uppland and Öland hosts 

than in Saaremaa and Åland hosts (*M7-1). Also, Åland wasps had a higher fraction of 

first instar parasitoids in Uppland and Åland hosts compared to Öland and Saaremaa 

hosts (*M7-2). 

Many interactions were almost significant, for example Pikku-Tytärsaari wasps in 

Saaremaa host had a slightly higher fraction of first instar parasitoids compared to 

Pikku-Tytärsaari wasps in other populations (*M7-3).  Further, Uppland wasps in Öland 

hosts had a higher fraction of first instar parasitoids compared to Uppland wasps in 

other hosts (*M7-4).   
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Figure 14: Fraction of 1st instar parasitoids from all parasitoids by wasp and host origin in the second 
dissection. Significant interactions between host and parasitoid were found in Saaremaa (*M7-1) and 
Åland (*M7-2) wasps (p<0,0046; R2 = 0,239 *M7).  
 

 

The fraction of third instar parasitoids (including big aggregates, alive and dead 

third instar larvae and cocoons) can be used in evaluating the parasitoids willingness 

and also the capability to fully develop inside the host. The fraction differed between 

host and wasp population and the interaction between host and wasp population was 

also significant. The fraction of third instar parasitoids was clearly largest in Öland 

hosts (0,50) compared to other host populations (Figure 15). Pikku-Tytärsaari wasps 

had the highest fraction of third instar parasitoids (0,61) and Uppland the smallest (0,18) 

(Figure 16).  

 
 LSMeans 
Fraction 3rd instar parasitoids 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 15: Fraction of total 3rd instar parasitoids from all parasitoids by host origin in the second 
dissection. Öland hosts have significantly bigger fraction of 3rd instar parasitoids compared to other host 
populations (p<0,0031; R2 = 0,288 *M8). 



    

40 
 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

Pikku-Tytärsaari Saaremaa Uppland Åland
Wasp origin

LSMeans 
Fraction of 3rd instar parasitoids 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Fraction of total 3rd instar parasitoids from all parasitoids by wasp origin in the second 
dissection. All wasp populations are significantly different with each other except Saaremaa and Åland 
(p<0,0001; R2 = 0,288 *M8).  

 

 

The interaction of host and wasp populations in fraction of third instar 

parasitoids from all parasitoids was also significant (p<0,0001; R2 = 0,288) and is 

presented in figure 17. From the figure it is clear that wasps from everywhere but Åland 

did not grow to the third instar in Saaremaa hosts (*M8-1). Saaremaa wasps varied 

among hosts so that in Uppland and Öland host Saaremaa had a higher fraction of third 

instar parasitoids compared to Saaremaa wasps in Saaremaa and Åland hosts (*M8-2). 

This is logical since in Saaremaa and Åland hosts, Saaremaa wasps had a high fraction 

of first instar parasitoids (Figure 14).  Åland wasps in Uppland hosts had a significantly 

smaller fraction of third instar parasitoids compared to Åland wasps in other hosts  

(*M 8-3). Pikku-Tytärsaari wasps in Saaremaa hosts had a smaller fraction of third instar 

parasitoids compared to Pikku-Tytärsaari wasps in other host populations (*M8-4).    
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Figure 17: Fraction of total 3rd instar parasitoids from all parasitoids by wasp and host origin in the 
second dissection. No wasps except Åland can produce third instar parasitoids well in Saaremaa host 
(*M8-1). Saaremaa wasps have very uneven fraction of 3rd instar parasitoids in different hosts (*M8-2). 
Åland wasps in Uppland hosts are significantly different from Åland wasps in other hosts (*M8-3). Pikku-
Tytärsaari wasps in Saaremaa host have significantly smaller fraction of 3rd instar parasitoids compared 
to Pikku-Tytärsaari wasps in other host populations *M8-4.  
 
 
 

The fraction of third instar parasitoid survival (ratio of those that leave the host 

and pupate, to those that are left within the host and do not pupate) was higher in Öland 

hosts (0,37) compared to other hosts (Figure 18). A higher fraction means more of the 

parasitoids reaching third instar succeeded in making a cocoon.   

 
 
LSMeans 
Fraction of 3rd survival  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Fraction of 3rd instar parasitoid survival (cocoons) from all parasitoids by host origin in the 
second dissection.  Parasitoids in Öland hosts have higher 3rd instar survival ratio compared to other 
host populations (p<0,0035; R2 = 0,326 *M9). 
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In the second dissection host was considered as surviving (in terms of 

parasitoids) if nothing was found inside it when dissected, no cocoons came out of it, or 

all parasitoids were successfully killed as first instar parasitoids. Overall, 38 % of the 

parasitized hosts would have survived parasitism. The ratio is significantly higher than 

in the first dissection. Host survival rate did not differ among host or wasp populations. 

If the host contained any second or third instar parasitoids (dead or alive) its survival 

was considered failed.   

Other variables that were statistically analyzed in the second dissection 

(Appendix 4) were not significant (except in terms of host families), including 

inbreeding and alien vs. local host-parasitoid relationships. 

 

 

3.3. Cotesia melitaearum cocoons 

 

Altogether 118 cocoons were produced during the experiment. Cocoons came from 

approximately 11 % of host (63 hosts out of 560 that after parasitizing and first 

dissection were left to produce cocoons). Of these cocoons, 90 produced a living wasp. 

Approximately half of the remaining 28 cocoons that a wasp did not emerge from had a 

fully develop dead wasp inside the cocoon that had not emerged. The other half were 

dead parasitoid pupae. Because the cocoons are extremely fragile and small, probably at 

least some of these cocoons were ruined because of handling them.  

The rate of hosts producing cocoons (11 %) was probably this low partly due to 

the host sickness that killed some hosts towards the end of the experiment. However, 

the low cocoon production rate was also due to the parasitoids that stayed as first instar 

parasitoids inside the host, planning to stay inside the host over diapauses.  

The brood sex ratio was slightly male biased (56 %) but there were no 

differences in brood sex ratio between host or wasp populations. Also, inbreeding and 

local host-parasitoid relationship were unrelated to the sex of the wasp progeny.  

Cocoons came mostly out of Öland hosts and the most effective parasitoids were 

Pikku-Tytärsaari and Saaremaa wasps. Uppland wasps were poor in producing cocoons. 

Åland wasps were different from other wasps in that they did not succeed in Öland 

hosts but made most cocoons in Saaremaa hosts where other wasps did poorly. For 

example Pikku-Tytärsaari wasps (which were successful in other wasps) made only one 

cocoon in a Saaremaa host (Figure 19). 
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Figure 19: Number of cocoons by host and wasp origin. Total cocoons per host origin are also presented.  

 

Only 8 cocoons (from five hosts) came from local host-parasitoid pairings: four 

from Saaremaa (from three hosts), two from Uppland (from one host) and two from 

Åland (from one host). Pikku-Tytärsaari and Öland could not produce local cocoons 

because I did not have the host from Pikku-Tytärsaari or the wasp from Öland.  

Because of the unbalanced dataset I could not construct models for the results 

presented above so that the models would have fitted the data well enough for reliable 

results. Also, because there were so few cocoons in general, I was not able to test the 

effect of local vs. alien host-parasitoid relationship.  

Parasitoid development time inside the host varied depending on the host origin 

and wasp origin. Parasitoids in Öland hosts spend more time (mean 15,99 days) inside 

the host compared to other host populations. Also, parasitoids in Saaremaa hosts spend 

less time (mean 14,59 days) compared to other hosts (Figure 20).  
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Figure 20: Parasitoid development time inside the host by host origin. Öland hosts with long 
development time of parasitoids were different from other hosts. Also, parasitoids in Saaremaa hosts 
developed faster compared to parasitoids in other hosts (p<0,003; R2 = 0,535*M10). 
 
 

Pikku-Tytärsaari wasps developed significantly faster (mean 14,38 days) than 

other wasps (Figure 21). Because of the size and unbalanced nature of the dataset, I 

could not construct a reliable model including the interaction of wasp and host 

populations. 
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Figure 21: Parasitoid development time inside the host by wasp origin. Pikku-Tytärsaari wasps develop 
faster inside the host compared to other wasp populations (p<0,0002; R2 = 0,535*M10).  
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Cocoon weight differed between wasp and host populations but no interaction 

was found. Pikku-Tytärsaari wasps produced the lightest cocoons (mean weight 1,86 

mg) and Saaremaa wasps the heaviest (mean 2,34 mg). Uppland wasps produced very 

few cocoons in general and they were clearly separated to heavy and light cocoons 

(Figure 22).  

 
Mean 
Cocoon weigh (mg)  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 22: Weight of cocoons by wasp origin. Pikku-Tytärsaari and Åland wasps produced lighter 
cocoons than Saaremaa wasps (p<0,0001; R2 = 0,443*M11).  

 

 

Öland hosts produced cocoon that were significantly lighter (mean weight 1,92 

mg) than Saaremaa and Uppland hosts. This was at least partly because Pikku-

Tytärsaari wasps were very successful in Öland hosts (Pikku-Tytärsaari wasps are small 

and light compared to wasps from other populations). Saaremaa hosts produced the 

heaviest cocoons (mean weight 2,41 mg) and they were significantly different from 

Åland and Öland hosts (Figure 23).  
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Figure 23: Weight of cocoons by host origin. Saaremaa hosts produced heavier cocoons than Åland and 
Öland hosts. Öland host produced lighter cocoons compared to Saaremaa and Uppland hosts (p<0,0001; 
R2 = 0,443*M11). 
 

 

Among the hosts from which wasp cocoons came, the number of cocoons (brood 

size of 1-5) differed among wasp origins. In particular, Pikku-Tytärsaari wasps 

produced more cocoons per host (mean number 2,65) than wasps from other 

populations (Figure 24).  
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Figure 24: Cocoons per host by wasp origin. Wasps from Pikku-Tytärsaari differed from other wasp 
populations (p<0,0004; R2 = 0,436*M12). 
 

 

Cocoon (pupal) development time did not differ between host or wasp  

populations, and inbreeding, sex or local host-parasitoid relationship did not affect it 

Host origin
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either. Female cocoons were significantly heavier (mean weight 2,43 mg ) than male 

cocoons (mean weight 1,91 mg,  p<0,0001; R2 = 0,352,*M13) which support my 

analyses of C. melitaearum external morphology.  Against expectations, cocoons that 

were solitary were not heavier than cocoons that came along with other cocoons.  

 

 

3.4. Cotesia melitaearum external morphology 
 
Sexual dimorphism in C. melitaearum is obvious: females were larger than males in all 

populations. This was expected since Hymenoptera females tend to have bigger bodies 

because of reproductive organs. Size was analyzed by comparing tibia length, wing 

width and wing length, which were larger in females in all populations. Additionally, 

tibia/wing length (M*14) and tibia/wing width (M*15) ratios were larger in females than 

in males in all populations indicating that females have longer tibia and thus bigger 

body compared to wing size. As an example of sexual dimorphism, I have included 

figure of tibia length by wasp origin grouped by sex (Figure 25). Wing length and wing 

width produced similar figures and results were statistically significant (M*17 and 

M*18). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: Tibia length in different C. melitaearum populations grouped by sex. Females had longer tibia 
in all population (p<0,0001; R2 = 0,664*M16). 
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There were also significant differences in size between populations. Tibia 

length, wing width and wing length were overall largest in Saaremaa wasps (Figures 26 

and 27). Pikku-Tytärsaari wasps had narrower and shorter wings (Figure 27) compared 

to other populations but tibia length was similar to that of Uppland and Åland wasps 

(Figure 26). This suggests that Pikku-Tytärsaari wasps have small wings compared to 

their relative body size (if body size is judged by tibia length) or long tibia compared to 

their body (if body size is judged by wing size). A figure showing wing width (M*18) is 

not included but results were similar to wing length (Figure 27).  

 
LSMeans 
Tibia length (µm) 

  
Figure 26: Tibia length in different C. melitaearum populations. Saaremaa wasps have longer tibia 
compared to other wasp populations (p<0,0001; R2 = 0,664*M16). 
 
 

Tibia/wing length ratio was also significantly different between populations. 

Pikku-Tytärsaari and Saaremaa wasps had a bigger tibia/wing length ratio compared to 

Uppland and Åland wasps (Figure 28). The interesting detail is that the ratio is similar 

in Saaremaa and Pikku-Tytärsaari populations which are very different in size Saaremaa 

being the biggest of studied wasps and Pikku-Tytärsaari the smallest. High tibia/wing 

length ratio indicates long tibia or short wings and thus it is an indicator of a big body 

compared to wing size. Tibia/wing width ratio was not significantly different between 

wasp populations (M*15).  
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LSMeans 
Wing length (µm) 

 
Figure 27: Wing length in different C. melitaearum populations Pikku-Tytärsaari has significantly shorter 
wings compared to other wasp populations and Saaremaa has longer wings compared to other wasp 
populations (p<0,0001; R2 = 0,520*M17). 
 
 
 
LSMeans 
Tibia/wing length ratio 

 

Figure 28: Tibia/wing length ratio in different C. melitaearum populations. Pikku-Tytärsaari and 
Saaremaa populations have high ratio and are significantly different from Uppland and Åland 
populations (p<0,0106; R2 = 0,483*M14). 
 
 

Wing width/length -ratio between populations or sexes was not significantly 

different in general but when interaction (sex * wasp origin) was taken into account, 

Pikku-Tytärsaari wasps differed from the other populations. Wasps from Åland, 

Uppland and Saaremaa populations had smaller wing width/length –ratio in females 

than in males indicating that the shape of the front wing in females is longer and 
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relatively narrower than in males (males have short and relatively wide wings). Pikku-

Tytärsaari wasps were clearly the opposite: the wings of females had bigger wing 

width/length –ratio than males (Figure 29). The results show that Pikku-Tytärsaari 

females have short wings but they are also very wide making the wing width/length –

ratio big. Pikku-Tytärsaari males have very narrow wings. 
 
 
LSMeans 
Wing  width/ length ratio 
 Wasp origin 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29: Wing width/wing length -ratio in different C. melitaearum populations by sex and origin. 
Females had smaller wing width/wing length –ratio than males in all populations except Pikku-Tytärsaari  
(p<0,0006; R2 = 0,265*M19). 
 
 

 

3.5. Cotesia melitaearum egg development experiment  

 

When all wasp populations were considered, total parasitoids (eggs, larvae and 

aggregates) found increased in the beginning (from day 1 to 3) but was stable between 

days 3 and 4. There was also some variation between parasitoid populations. Hosts 

parasitized by Pikku-Tytärsaari wasps had more things inside on day 3 decreasing in 

number towards day 4 in contrast to hosts parasitized by Åland and Saaremaa wasps. 

Due to the small amount of data no clear conclusions can be drawn from this figure 

considering the wasp populations separately. The total number of parasitoids (eggs, 

larvae and aggregates) found inside the dissected host larva by day and wasp population 

is presented in Figure 30. 
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Figure 30: Average number of parasitoid (egg, larvae and aggregates) inside the parasitized host by wasp 
population and dissection day. 
 

 

No parasitoid eggs, larvae or aggregates could be found in M. cinxia dissected 

on day 1. On the second day nothing was found in 10 out of 45 dissected larvae.  The 

fraction decreased steadily as the eggs that were present became detectable over time. 

The parasitoid eggs injected to the host could not be seen under the microscope on 

day 1 because of their transparency, and were only detected after the eggs expand and 

become less transparent, usually between day 1 and 3.  Figure 31 shows percentage of 

host larva from which nothing was found when dissected on days 1, 2, 3 and 4. The 

pattern was not the same for each parasitoid origin. Even after four days few larvae 

parasitized by wasps from Saaremaa appeared to contain eggs that could not be 

detected, whereas by day three and four respectively, most larvae parasitized by wasps 

from Pikku-Tytärsaari and Åland contained visible parasitoid eggs or larvae.   
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Figure 31: The percentage of host larva (Öland M. cinxia) parasitized by each wasp population from day 
1 to day 4, from which I could not find any evidence of parasitoid eggs or larvae. 
 

Data from all three wasp populations was combined and different categories by 

day are presented in Figure 32. As expected, the number of eggs and eggs with cells 

decreased over time due to parasitoid hatching. Dead larva and dead larva with cells 

first appeared on day 3. Aggregates were relatively constant from day 2 on. The number 

of alive larva clearly increased on day 4, indicating that a lot of parasitoid hatching 

happens between day 3 and 4. 

 
Figure 32: Different categories for findings in all wasp populations by day. 
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3.6. Summary of results 

 

Before discussing the results, I will briefly summarize the main findings and answers to 

my research questions.   

 

- There was some evidence of variation in resistance to parasitism between host 

populations. In general, Öland hosts were the most susceptible to parasitoids, 

and Saaremaa hosts the least. Interesting interactions were also found, for 

example Saaremaa hosts were weak in defending against Åland wasps and 

Öland hosts were especially vulnerable to Pikku-Tytärsaari wasps.  

- There was some evidence of variation in parasitoid virulence between wasp 

populations. Pikku-Tytärsaari wasps were the most efficient parasitoid 

population (in terms cocoon production as well as the number of parasitoids 

injected), and Uppland wasps the least. Interesting interactions with different 

host and wasp populations were also found, for example Pikku-Tytärsaari wasps 

were not successful in Saaremaa hosts.  

- There was no pattern with respect to presumed level of inbreeding (according to 

population origin). 

-  General patterns in local adaptation of the host or the parasitoid were not found. 

- Parasitoid populations differed in their external morphology. Saaremaa wasps 

were clearly the biggest and Pikku-Tytärsaari wasps the smallest. Sexual 

dimorphism was obvious, with females being larger and having a relatively 

larger body. There were also differences in wing shape between sexes and 

populations.  

- Egg development experiment suggests that dissection done four days after 

parasitizing was suitable for the studied variables.  
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4. Discussion 

 

4.1. Host-parasitoid interaction 

 

For a host and parasitoid to coexist and for their interaction to persist, the likelihood of 

all hosts being parasitized must be low (Godfray 2000). Hosts have different strategies 

to avoid parasitism or survive the parasitoid attack. I studied the immunological 

defences of M. cinxia larvae towards C. melitaearum parasitoids, but host survival may 

also depend on behavioural defences, spatial distribution or temporal asynchrony of 

vulnerable stage of host and adult parasitoids (van Nouhuys & Lei 2004). The host-

parasitoid relationship is also influenced by other factors such as environmental 

condition and other biological interactions - predation, hyperparasitism and competition 

(van Nouhuys & Laine 2008).  

From the host’s point of view, it is essential to kill the parasitoids as soon as 

possible. If the parasitoid larvae (C. melitaearum) get to late second instar, they are 

already so big that even if killed at this stage the host (M. cinxia) will probably not 

survive to become an adult butterfly. Also, the longer the parasitoids stay in the host, 

the more resources they consume. Immunological defence against parasitoids consumes 

hosts’ resources but pays off especially in high-density parasitoid environment (Godfray 

1994). As stated in the introduction, the specific mechanisms of M. cinxia defences are 

not known but are probably similar to already studied Lepidoptera species (Alleyene & 

Wiedenmann 2001, Strand 2008). The immune response includes host immune cells 

(hemocytes) that attach to the parasitoid surface. These cells were visible under the 

microscope, many times surrounding destroyed parasitoids (Figures 3 and 4).  

The parasitoids were destroyed at every stage from egg to third instar, and I was 

unable to determine at what stage the host was most susceptible . To my knowledge 

there are no studies about this concerning Cotesia species parasitizing Lepidoptera 

hosts. As the egg development experiment demonstrated, very early defence cannot be 

detected since parasitoids itself can be seen only a few days after parasitizing. Also, 

when the host is dissected later, parasitoids destroyed as first instar parasitoids might be 

so badly dissolved that they cannot be detected anymore. It is interesting that parasitoids 

were also destroyed at later stages (second and third instar parasitoids) even though at 

this stage, the host itself does not benefit. This is hardly a proof of kin selection but it is 
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notable because M. cinxia larvae occupying the same microhabitat are most probably 

relatives and would benefit from a smaller number of emerging parasitoids.  

The rate of hosts surviving the parasitoid attack is dependent on the overall 

condition of the host (due to nutrition, pathogens and environmental conditions) but it is 

also affected by the characteristics of the parasitoid population. Studies done with 

various Drosophila species (especially D. melanogaster) indicate that the host survival 

ratio can be increased through laboratory selection in the presence of the parasitoid 

(Fellowes & Godfray 2000). That is, if the host has enough genetic variation in its 

resistance ability towards the parasitoid and the parasitoid is present, natural selection 

will simply act in a way that the resistant individuals will survive and the overall 

survival rate of the host will increase. For example, Kraaijeveld and Godfray (1997) 

obtained an increase in host (D. melanogaster) survival from 5 % to 50 % against one of 

its most studied parasitoids (Asobara tabida) in just five generations. Fellowes et al. 

(1998) obtained an increase in host (D. melanogaster) survival from 0,4 % to 45 % 

against Leptopilina boulardi also in five generations. These studies indicate that the 

presence of the parasitoid affects the host survival ratio greatly, and in my research 

system there is at least the potential for evolution of resistance to parasitism.  

 I found that approximately one third of the parasitized hosts would have 

survived the parasitoid attack. In the first dissection, the overall host survival ratio was 

24 % and in the second dissection it was 38 %. The difference is probably due to the 

fact that in the first dissection which was done only four days after parasitizing, the host 

had not yet killed some of the parasitoids that it would eventually kill. However, it has 

to be remembered that hosts in which no parasitoids were found were included in the 

survived host category. The egg development study showed that on average 15 % of the 

hosts seemed to be empty when dissected four days after parasitizing (Figure 31). I 

cannot be certain whether this 15 % is due to non-parasitized hosts, hosts that have 

succeeded in killing the parasitoids at an early stage (parasitoid eggs might be destroyed 

before they are visible in the microscope) or both. Because of the actual parasitism rate 

could be less than 100 %, the evaluated survival rate of the host (approximate one third) 

might be too high. To study the actual parasitism rate, hosts should be dissected right 

away after parasitism and parasitoids should be looked at with high definition 

microscope in careful detail.  Stains could be used to make the parasitoid eggs visible 

early on.  
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To my knowledge, there is only one study about the encapsulation process and 

host survival ratio in different Cotesia – Lepidoptera systems. Alleyene and 

Wiedenmann (2001) studied the encapsulation process in three Lepidoptera hosts 

(Diatrea saccharalis, D. grandiosella and Ostrinia nubilalis) parasitized by three 

Cotesia species (Cotesia chilonis, C. sesamiae and C. flavipes). In this experiment, all 

host-parasitoid relationships were novel so there was no co-evolutionary history 

between the species. The host defence ratio varied greatly between hosts and 

parasitoids. For example, all parasitoids were destroyed by O. nubilalis within 24 hours 

from parasitizing indicating that the host was unsuitable for all used parasitoid species. 

On the other hand, D. grandiosella could not perform any encapsulation against 

C. chilionis making the host greatly susceptible to this particular parasitoid. Between 

these extremes of total defence and no defence by the host, the host survival ratio (all 

parasitoids encapsulated) varied between different treatments averaging around 20 %. 

However, straightforward comparisons with my results cannot be drawn since in my 

experiment, the host-parasitoid relationships were not novel (I used a parasitoid natural 

to all hosts).  

Alleyene and Wiedenmann (2001) found that a big percentage of D. saccharalis 

and D. grandiosella hosts failed in destroying all parasitoids resulting in the death of the 

host (except in D. grandiosella - C. chilionis system). It is interesting that most hosts 

recognized alien parasitoid species as a non-self and performed successful 

encapsulation. Equally interesting is that parasitoids were able to develop inside an alien 

host species. To my knowledge, the performance of C. melitaearum in alien host 

species has not been studied.  

While the hosts have the interest of destroying the parasitoids as early as 

possible, from the parasitoid’s point of view it is essential to grow as fast as possible to 

be among the first ones to come out from the host. This is essential because (1) the host 

can probably defend against better against small parasitoids that have a small surface 

area and are immobile as eggs, than large mobile parasitoid larvae. (2) If other 

individuals in the gregarious brood develop and exit the host the siblings have to be 

ready to leave as well (parasitoids can’t develop and grow in a dead host), (3) it is 

beneficial for the parasitoid to get out quickly to mate and/or parasitize new hosts as 

soon as possible. However, especially during the late generations (late summer – 

autumn) parasitoids have to balance between developing extremely fast (if they plan to 

come out the same year) and staying as  first or small second instar larvae and spend the 
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winter in the diapausing host. It is not clear how the parasitoid larvae “make this 

decision” or if they have some kind of communication method inside the host but, 

during the late summer generations a fraction of the parasitoids stay as younger instar 

and come out next spring (Figure 1).  

Overall the fraction of third instar parasitoids (in the second dissection) was 

approximately 40 %.  That is, 40% of the parasitoids were ready to leave the host before 

diapause. This fraction varied between host and parasitoid populations (Figure 15, 16 

and 17). It has to be noted that the percentage of parasitoids that “made the decision” to 

grow fast and come out the same summer is not the actual percentage of third instar 

parasitoids since many parasitoids never got to make the decision (many parasitoids 

were destroyed at an early stage and were seen as dead first instar parasitoids or small 

aggregates).  Thus I would evaluate that the percentage of parasitoids intending to come 

out the same year is overall significantly bigger that 40 % and a smaller fraction of 

parasitoids intend to stay inside the host over diapause. 

It is hard to understand why early generations of parasitoids (emerging in the 

early summer) would make the decision to stay as early instar larvae and wait for the 

next spring to emerge. The results show that at least some parasitoids indeed make this 

decision even early in the summer when female wasps parasitize moderately small hosts 

(in my study third instar hosts).  From a parasitoids point of view it would seem more 

beneficial to come out during the same summer and parasitize later instar hosts that are 

ready to diapause. Wasps inject more parasitoid eggs to bigger larvae so the benefit of 

developing an extra generation during late summer seems evident. Also, the more time 

parasitoids spend in the host, the more time the host has to attack them. One possible 

explanation is some kind of trade-off, for example staying longer inside the host enables 

the parasitoid grow larger since post-diapause hosts are significantly larger that pre-

diapause hosts thus even though staying inside the host for a long time is probably 

risky, in some situations the risk might be worth taking.  

 

 

4.2. Characteristics of studied populations 

 

I did not find straightforward patterns of local adaptation or inbreeding. However, there 

were differences between host and parasitoid populations. Though in many cases these 

differences cannot be fully explained, they could be ecologically and genetically 
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important.  The overall information about many of the studied populations is 

insufficient, thus very little can be hypothesized about the results and more information 

would be needed about the overall population structure, environmental conditions and 

other species affecting the hosts and parasitoids living around the Baltic Sea.   

It was interesting that within studied host and parasitoid populations there is in 

fact some population level variation indicating that the hosts and parasitoids have 

become genetically differentiated to some degree. Differences in parasitoid virulence, 

host susceptibility and parasitoid morphology all indicate isolated evolution and genetic 

differentiation presumably due to selective forces.  

Especially interesting was C. melitaearum population from Pikku-Tytärsaari 

which was surprisingly successful and morphologically different from other wasp 

populations. Also, some of the results considering Öland M. cinxia and Uppland 

C. melitaearum stood out. I will discuss these populations in greater detail while the 

other populations are briefly summarized in chapter 4.2.4.  

 

 

4.2.1. Öland Melitaea cinxia 

 

Melitaea cinxia from Öland appeared to be the most susceptible to parasitism. These 

larvae defended against the lowest fraction parasitoids (Figure 12) and yielded the most 

parasitoid cocoons (Figure 19).  Also, the fraction of third instar parasitoids that made 

cocoons was highest (Figure18). On the other hand, a high fraction of Öland hosts 

appeared to have overcome parasitism (Figure 11). Though when the data were studied 

in more detail, the high rate of “surviving hosts” was due to hosts in which no 

parasitoids were found. Parasitism by Pikku-Tytärsaari wasps in particular resulted in 

many “empty” Öland hosts. Because the Pikku-Tytärsaari wasps did well in Öland hosts 

in general, these contradictory results have two possible interpretations which will be 

discussed in more detail in Pikku-Tytärsaari section (4.2.2).  

Before the experiment I hypothesized that because Öland M. cinxia presumably 

does not suffer from inbreeding, the butterfly larvae would perform well against 

parasitoids. This was not the case. One possible explanation for their susceptibility is 

that the butterflies have a different evolutionary history in Öland compared to other 

populations (Wahlberg & Saccheri 2007).  Öland M. cinxia is least related to other hosts 

and it may lack effective immune response to alien parasitoids (Godfray 1994).  
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In the first dissection, Öland hosts were different from other butterflies because a 

high fraction of parasitoids in them were still eggs (Figure 8). Pikku-Tytärsaari wasps 

had an especially large fraction of eggs in Öland hosts (Figure 10). This would suggest 

that parasitoids (especially Pikku-Tytärsaari parasitoids) develop slowly (at least in the 

beginning) in Öland hosts.  It is not simply that Öland hosts are incapable of destroying 

parasitoid eggs because the number of total parasitoids was approximately the same in 

Öland hosts compared to other hosts.  

There is no obvious reason why parasitoids (especially Pikku-Tytärsaari 

parasitoids) should stay longer as eggs in Öland hosts. It could again be related to the 

different evolutionary history of the host. Another possible explanation is that since 

Öland is south of the other populations and summer is longer and warmer, the host 

development rate is slower since there is more time in the season, which might also 

slow down parasitoid development rate (Jervis et al. 2008). This is supported by the 

finding that parasitoid development time inside the host before the prepupa exits was 

also longest in Öland hosts (Figure 20). This would be logical if Öland hosts were small 

compared to other hosts but this is not the case (conversations with Ikonen 2011).  

However, I would argue that the parasitoids should still have a higher interest in 

developing fast in order to avoid host defences and reach adulthood quickly, especially 

in the early stages since immobile eggs are probably most vulnerable to host immune 

defence. Also, like many other insects, M. cinxia and C. melitaearum development rate 

are highly influenced by temperatures so at higher temperatures individuals  should 

develop faster (Ilrich et al. 2009).  

Later, in the second dissection a high fraction of the parasitoids were in their third 

instar in Öland hosts (Figure 15). This suggests that the parasitoids make the decision to 

come out the same year rather than diapause over the winter. Again, this could be 

simply because Öland host is susceptible to parasitoids but it could also be due to 

physiological signals parasitoids experience inside the host. If the host develops slowly 

(because of the longer summer in Öland) it may be a signal for the parasitoids that there 

is enough time to make another parasitoid generation that same autumn.  

While the differences between the Öland hosts and the other hosts are interesting, 

to understand the immunological response of Öland M. cinxia better it would be 

essential to study the performance of the host with its local parasitoid as well. 
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4.2.2. Pikku-Tytärsaari Cotesia melitaearum 
 
Before the experiment, I assumed that C. melitaearum from Pikku-Tytärsaari would not 

be highly virulent since it is surely highly inbred. However, my results suggest the 

opposite, at least considering alien hosts. Pikku-Tytärsaari wasps are efficient (females 

inject many eggs in to the host, Figure 6) in parasitizing. The fraction of offspring that 

advanced to third instar was highest among wasp populations (Figure 16), especially 

high in Öland hosts (Figure 17), suggesting that Pikku-Tytärsaari parasitoids overcome 

the host resistance  readily and come out the same season. Pikku-Tytärsaari wasps also 

produced most cocoons, again most successfully in Öland hosts (Figure 19). Finally, 

Pikku-Tytärsaari wasps produced bigger broods than other wasps (Figure 24).  

One thing that could affect the number of parasitoids injected into a host by the 

Pikku-Tytärsaari female parasitoids is that Pikku-Tytärsaari M. cinxia are noticeably 

smaller than Åland M. cinxia - fifth instar larvae are about half the size of Åland fifth 

instar M. cinxia (conversations with Hanski 2010). Pikku-Tytärsaari wasps are also 

smaller than wasps from other studied populations (Figures 25, 26 and 27). Due to this 

size difference, Pikku-Tytärsaari wasps may have simply evaluated the third instar host 

larvae used in the experiment as large enough to support many parasitoids.  

The meadow in Pikku-Tytärsaari that is inhabited by M. cinxia is probably easily 

accessible to C. melitaearum and no isolated patches for the host are present. It is 

puzzling that the host survives in a habitat with no spatial structure to inhibit growth of 

the parasitoid population. For instance, in the Åland Islands, the rate of parasitism is 

greatly reduced by habitat fragmentation since many patches are inaccessible to the 

parasitoid (van Nouhuys & Hanski 2002). Clearly, a susceptible host and a virulent 

wasp is an unstable interaction in such a small habitat and the host has to have some 

refuge mechanism to avoid parasitism.  

One possibility is that the host from Pikku-Tytärsaari is in fact resistant to its 

local parasitoid.  This would be strong local adaptation of the host that was not apparent 

in the other populations I studied. Local adaptation in Pikku-Tytärsaari should be more 

probable than in other studied populations since the host and parasitoid inhabit such an 

isolated patch that migration does not disturb the local processes.  

Ongoing studies of Pikku-Tytärsaari M. cinxia show that the butterfly has low 

fitness, probably due to heavy inbreeding. For example, the survival rate of the larvae is 

significantly lower than Åland larvae. Pikku-Tytärsaari M. cinxia adults also have 
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reduced flight metabolism and the males fly especially poorly. Ongoing studies suggest 

that the fitness of Pikku-Tytärsaari M. cinxia does not change when inbreeding is 

increased, probably because the butterfly is already so inbred (conversations with 

Hanski 2010). Similar studies have been conducted with Åland M. cinxia and the 

reduction in the fitness with experimental inbreeding of the butterfly has been 

significant (Haikola 2003).  

The overall low fitness of Pikku-Tytärsaari host might be due to host trade-off. 

The host may have had to compromise between investing in immune response and other 

fitness. Trade-off between two traits occurs when an increase in fitness due to a change 

in one trait is opposed by a decrease in fitness due to a concomitant change in another 

trait (Roff 1984). Good examples of studies done on evolutionary trade-off in insects 

are wing polymorphisms in mobile insects (Roff 1984) and the trade-off between host 

resistance towards parasitoids vs. larval competitive ability (Kraaijeveld et al. 2001). 

For the Pikku-Tytärsaari host, there may be a trade-off between the costs and benefits of 

resistance to C. melitaearum. 

The costs of host defences are due to actual defence and due to maintaining the 

resistance ability. The cost of actual defence is clear – the host has to invest in defence 

mechanisms when parasitoids are injected.  This affects the host growth and overall 

condition, because for example encapsulation process is energetically costly (Ferrari et 

al. 2001). The costs of resistance ability are less demanding on the host and they also 

more poorly understood. Studies have shown that D. melanogaster lines selected for 

increased resistance have lower larval competitive ability. Also, when the artificial 

selection for resistance was relaxed, the resistance level quickly dropped indicating that 

the resistance decresed if not selected for (Kraaijeveld and Godfray 1997). This might 

be in part due to hemocyte production: studies have shown that with D. melanogaster 

the more resistant the host is, the more hemocytes it has even prior to parasitoid attack. 

Maintaining a high hemocyte number even if the host is not parasitized naturally 

consumes the host’s resources. Studied have also shown that host traits with high 

resistance have lower ability to endure environmental stress, again most probably due to 

investing in immune system (Eslin & Prevost 1998). Interestingly, there has been 

indication of sexual dimorphism in the cost of parasitism (though mainly for vertebrate 

species) males suffering less from the parasitism than females. The effects of parasitoid 

attack for M. cinxia characteristics (size, fecundity, flight metabolism) has not been yet 

studied but would be an interesting perspective to take. The idea of a trade-off between 
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parasitoid resistance and other fitness in Pikku-Tytärsaari host, that is, a physiological 

local adaptation of Pikku-Tytärsaari host to its parasitoid would be highly interesting 

and will be studied in the near future.  

Another option for the host-parasitoid interaction to persist in the island is that 

the Pikku-Tytärsaari host avoids parasitism in some other way, such as behaviourally. 

Many hosts avoid parasitism by phenological asynchrony and the phenomenon is likely 

to be a frequent feature of host-parasitoid interactions in nature. In host-parasitoid 

interaction phenological asynchrony refers to a situation where the vulnerable stage 

of the host and the adult stage of the parasitoid are not temporally coexisting. The 

phenomenon can stabilize an otherwise unstable interaction and it can have a major 

effect on the persistence of the host-parasitoid interaction (Godfray et al. 1994). 

Phenological asynchrony has been previously studied in M.  cinxia - C. melitaearum 

system in the Åland Islands and is a significant factor in the host-parasitoid relationship 

(Nouhuys & Lei 2004).  

Pikku-Tytärsaari wasps develop fast inside the host (Figure 21) and do not tend 

to stay as first instar parasitoids (Figure 13). This suggests that the Pikku-Tytärsaari 

wasps tend to have three rather than two generations per year (Figure 1). Fast 

development might occur simply because the wasps are small but it could also be an 

adaptation to a fast growing host. Ongoing studies have shown that Pikku-Tytärsaari 

M. cinxia develop faster than Åland M. cinxia (conversations with Hanski & van 

Nouhuys 2010).  

 The results concerning Pikku-Tytärsaari C. melitaearum development rate could 

suggest a host adaptation to parasitism since one way for the host to escape parasitism 

would be to develop fast, especially early in the spring when no adult parasitoids are 

present (and because of this, also the parasitoid could have adapted to develop fast). 

However, this seems like an unstable mechanism since host development is strongly 

influenced by the spring temperatures. In cool temperatures the black host larvae have 

the advantage because they are mobile and can bask in the sun increasing their body 

temperature and thus increase their development rate where as immobile white 

parasitoid cocoons develop slowly (van Nouhuys & Lei 2004).  But if weather is warm, 

the parasitoid cocoons also develop fast and it would be hard for the host larvae to 

develop fast enough to avoid emerging parasitoids.  

Another way for the host larvae to escape parasitism would be to disperse early 

in the spring so that at least a few host larvae could escape (hide) from the emerging 
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parasitoids.  Foraging parasitoids use stimuli that are derived from their host or from the 

food of their host to locate the host (Vet et al.1995). Many parasitoids (such as 

Hyposoter horticola parasitizing M. cinxia larvae inside the egg) can learn while 

foraging for the host but there are no studies concerning the learning capacity or 

foraging behavior of C. melitaearum. In the Åland Islands, M. cinxia larvae stay in 

gregarious groups until just before pupating so if wasps are nearby, they should not 

have any trouble finding the conspicuous host group. Wasps emerging in the spring get 

to parasitize big host larvae (fifth, sixth and seventh instar) and can put up to 40 eggs 

inside the host.  When the hosts stay gregarious, it is easy for the wasp to parasitize 

many larvae (Lei and Hanski 1997). For the host, it may be risky to disperse because a 

single host larva is more susceptible to predators and cool temperatures.  However, in 

Pikku-Tytärsaari the risk of being parasitized might be so high that other risks are worth 

taking.  

Another interesting feature of Pikku-Tytärsaari wasps is its’ external 

morphology. Pikku-Tytärsaari wasps are very small compared to the other wasp 

populations. Their small size could simply be an adaptation to the small host. Pikku-

Tytärsaari females had higher wing width/wing length –ratio than males whereas in the 

other wasp populations the male ratio was higher (Figure 29). Thus, Pikku-Tytärsaari 

females have relatively wide, short wings compared to females from other wasp 

populations. One difference compared to other wasp populations is that Pikku-

Tytärsaari wasps have no need to be dispersive since their habitat is small. However, 

they still need to be mobile and the females have to be able to fly around and look for 

suitable hosts. Studies done with other mobile insects have not unanimously concluded 

what is the relationship of wing size and dispersal ability but generally it is though that 

bigger wings compared to body size indicate higher dispersal capacity. In addition, 

many species have wing polymorphism where individuals are clearly divided to 

separate wing morphs and differ in their ability to disperse (Roff 1984).  

To my knowledge, there are no studies concerning the wing size and dispersal 

ability of Cotesia species and little is known about the specific flight mechanisms of 

C. melitaearum. Also, judging the flight capacity based on forewing only is insufficient 

since like other wasps from the order Hymenoptera, C. melitaearum hind wings are 

linked to forewings with microscopic hooks (hamuli) in flight and thus functionally 

C. melitaearum has only one pair of wings (Grimaldi & Engel 2005). Further, it has to 

be noted that the morphological comparisons were done using wasps reared in Åland 



    

64 
 

M. cinxia, not in their local hosts. This might have affected the wasp development and 

morphology.  

There was a great variation in the parasitizing behaviour of the adult Pikku-

Tytärsaari wasps. Many females were extremely aggressive and even tried to parasitize 

the brush I used to pick up the host larvae. Wasps from other populations did not show 

such aggressiveness during oviposition. Again, this could be because the Pikku-

Tytärsaari wasps think the host is big and worth attacking (other wasps showed such 

aggressiveness towards bigger larvae I used to get the parasitoids in the mood for 

parasitizing). On the other hand, some Pikku-Tytärsaari females never parasitized any 

hosts.  I have no suggestions to explain this behaviour but in part this behaviour could 

explain the “empty “ Öland hosts. It might be possible that the Pikku-Tytärsaari wasp 

population is very uneven in its parasitizing success, and the “empty” Öland hosts were 

never parasitized in the first place. It is also possible that Pikku-Tytärsaari wasps have 

such a variety in their virulence that Öland hosts are resistant against some genotypes 

but not against others. However, this seems unlikely since the wasp habitats such and 

uniform patch that genetic differentiation among them is unlikely.  

Saaremaa hosts were resistant to Pikku-Tytärsaari wasps, yielding few third 

instar parasitoids and cocoons  (Figures 17 and 19). This could be because Pikku-

Tytärsaari host and wasp populations are probably closely related to Saaremaa 

populations (they presumably originated from Estonian coastal area) and this in turn 

could lead to hosts that recognize the parasitoid easily. Further, since Saaremaa and 

Pikku-Tytärsaari hosts are assumedly closely related, these result (although indirectly) 

support the idea of Pikku-Tytärsaari hosts being highly resistant towards their local 

parasitoid.  

Pikku-Tytärsaari wasps were probably the most interesting aspect of this study. 

An experiment addressing the fitness of local and alien parasitoids in Pikku-Tytärsaari 

hosts should be conducted in the future to test whether the host is highly adapted to its 

local parasitoid. Also, the dispersal willingness of fifth instar Pikku-Tytärsaari larvae 

should be studied to test whether high dispersal ability of post diapause larvae could 

explain the survival of the host in an environment with highly efficient parasitoid.  
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4.2.3. Uppland C. melitaearum 

 

Uppland wasps were extremely unwilling to parasitize all third instar host larvae though 

they willingly parasitized larger later instar host larvae that I used to get the wasps 

exited. Uppland female wasps behaved as if they had the interest and capability to 

parasitize but were reluctant to parasitize the small larvae. They readily antennaed the 

host silken webs and moved around searching for hosts to parasitize but mostly ignored 

third instar host larvae. The implication is that Uppland wasps prefer late instar hosts 

over smaller younger ones.  

This leads to the question - why would Uppland wasps prefer late instar hosts, 

when they must use the small host as well in natural populations? One possible 

explanation is that C. melitaearum in Uppland has only two generations per year so that 

the wasp would always get to parasitize relatively big instar host larvae. One generation 

would come out late in the spring, just before the host in its seventh instar starts to 

pupate. If the pupae developed very slowly both inside the host as in cocoons, they 

would emerge later in the summer and have the opportunity to parasitize bigger instar 

hosts (Figure 1).  

I found that a large fraction of the Uppland parasitoids were eggs in the first 

dissection except in Saaremaa hosts (Figures 9 and 10). This suggests the Uppland 

parasitoids develop slowly except in Saaremaa hosts. Uppland wasps were also the 

slowest to develop as pupae (though only a few cocoons were produced, figure 21) and 

tended to stay as first instar parasitoids, especially in Öland hosts (Figures 13 and 14). 

Consequently, Uppland wasps had the lowest fraction of third instar parasitoids 

(Figure 16). This suggests that either the parasitoid larvae are unable to develop fully, or 

the parasitoids make the decision to stay as small larvae and wait for the diapause. This 

is supported by the observation that Uppland wasps made few cocoons in general 

(Figure 19). Of course it is risky to stay inside the host for a long period of time because 

the host has more time to defend against the parasitoids. Uppland hosts were not 

especially poor in defending themselves (Figure 12) so the host susceptibility cannot 

explain the parasitoid tendency to stay longer inside the host.   
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4.2.4. Other host and wasp populations 

 

In general Saaremaa hosts defended well against all parasitoids in terms of cocoon 

production and fraction of third instar parasitoids (Figure 15 and 19). Also, the fraction 

of third instar parasitoid survival was low in Saaremaa hosts (Figure 18). Further, in the 

first dissection Saaremaa hosts showed a high ratio of surviving hosts (Figure 11). 

Unlike the Öland population this was not due to empty hosts, but due to attacked and 

defeated parasitoids. In the second dissection the fraction of attacked parasitoids was 

also quite high (Figure 12). All these results suggest that Saaremaa hosts are relatively 

resistant to the parasitoids.   

Saaremaa wasps showed great variation in development rate inside the host. In 

Saaremaa and Åland hosts, a high fraction of the wasp larvae were still in the first instar 

in the second dissection, while in Uppland and Öland hosts the fraction of third instar 

parasitoid larvae was high (Figure 14 and 17), suggesting that the “decision” to emerge 

in the fall or in the following spring  depended in host origin. Further studied would be 

needed to understand if these differences in development rate were due to “wasp 

decision” or if Saaremaa wasps unable to develop inside Saaremaa and Åland hosts.  

An interesting detail was discovered related to Saaremaa hosts and Åland wasps. 

Åland wasps were not very efficient in cocoon production except in Saaremaa hosts, 

where they were the only wasps that successfully produced cocoons (Figure 19). I can 

think of no obvious reason for this result. 

 Uppland hosts did not survive parasitism well in the first dissection (Figure 11), 

but produced an average number of cocoons, and all wasp populations were able to 

produce cocoons from them.  Uppland’s local parasitoids performed worse then the 

others,  producing only two local cocoons (from one host). This may suggest that the 

hosts are well adapted to their local parasitoids. 

Åland hosts and wasps did not stand out except in ways discussed above.  

 

 

4.3. Inbreeding  

 

I did not find any inconclusive pattern in host resistance and parasitoid virulence 

between inbred and outbred host and wasp populations, though some evidence of the 

negative effects of host inbreeding were detected. As stated in the introduction, 
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inbreeding might work differently in hosts and parasitoids. Before the experiment I 

assumed that at least inbred hosts would be especially susceptible to the parasitism.  

When it comes to the host, I found some indication that outbred hosts can in fact 

defend better against parasitoids than inbred hosts: the least inbred host (Saaremaa) was 

most resistant to parasitoids in many ways discussed previously. Inbreeding depression 

is documented in M. cinxia populations living in fragmented landscapes (Haikola 2003) 

so inbreeding does have an effect on the fitness and survival of the host, and it is 

possible that inbreeding also decreases the resistance of the host to parasitism by 

C. melitaearum.    

When it comes to the parasitoid, I found no evidence of inbreeding depression. 

On the contrary: the most effective parasitoid was from Pikku-Tytärsaari, which is 

presumably the most inbred. There are many possible reasons for this. Firstly, the 

aggregated distribution of the host enables a single female wasp to parasitize multiple 

hosts in a host cluster (Lei & Camara 1999). Offspring from different host larvae may 

thus be siblings, enabling sib mating. Because of this, these parasitoids may always be 

somewhat inbred and it might be that inbreeding does not affect their fitness as much as 

it affects the fitness of the host. Also, the wasps are not particularly dispersive which 

increases the probability of inbreeding (van Nouhuys & Hanski 2002). A study by Elias 

et al. (2010) demonstrates that more than half of all matings of Cotesia glomerata in the 

field involved siblings. Secondly, because of parasitoids have a haplodiploid 

reproduction system where males are produced from unfertilized eggs, the effects of 

inbreeding might be very different compared to the host. 

Indeed, many parasitoids seem to be adapted to high rate of inbreeding (Elias  

et al. 2010). This could be due to strong selection on haploid males where deleterious 

recessive alleles automatically lead to impaired survival (Godfray 1994).  However, 

other studies show that inbreeding is clearly detrimental due to the negative effects of 

sib-mating for parasitoids that have complimentary sex determination, often referred as 

CSD (Heimpel & de Boer 2008). The simplest form of CSD is single-locus 

complementary sex determination (sl-CSD) where sex is determined by multiple alleles 

at a single locus. Sex locus heterozygotes develop into females, while hemizygous and 

homozygous eggs develop into haploid and diploid males, respectively (Wu et al. 

2005). In haplodiploid species, females can influence the sex ratio of their offspring by 

controlling the fertilization process of their eggs. In sl-CSD, diploid males are produced 

at the expense of females and females also lose the control over the progeny sex ratio. 
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Consequently, species with sl-CSD are expected to have evolved mechanisms to reduce 

the genetic load from diploid males. 

Cotesia melitaearum in Åland produce diploid males under conditions of 

inbreeding (conversations with van Nouhuys 2010). In most haplodiploid species 

diploid males are sterile and thus impose a genetic load to the population (Heimpel & de 

Boer 2008). Interestingly, for species that engage in sib mating in spite of 

complimentary sex determination, such as Cotesia glomerata, a wasp very similar to 

C. melitaearum, at least some of the diploid males are fertile, mitigating the negative 

effects of inbreeding (Elias et al. 2010). The mechanisms that drive fertile diploid males 

in haplodiploid species are still mostly unclear. de Boer et al. 2008 have recently 

demonstrated a multiple locus complimentary sex determination (ml-CSD) in the 

parasitoid wasp Cotesia vestalis. Under ml-CSD, sex is determined by at least two loci 

with multiple alleles. Only individuals that are homozygous at all sex determining loci 

will develop into diploid males. This leads to significantly lower diploid male 

production under ml-CSD than under sl-CSD (Elias et al. 2010). More studies about 

C. melitaearum reproduction system would be needed to understand the potentially very 

complex effects of inbreeding in this species.  

Another reason why inbreeding did not inconclusively function as a factor might 

be that the individuals used in the study were from different local populations that could 

experience different rates of inbreeding. That is, even though we consider Öland as an 

outbred host source, the individuals used might have been from local, inbred families. 

We did not confirm the level of inbreeding in any way before the experiment and the 

categorizing was done purely on previous knowledge and assumptions about the 

populations.  It could also be that inbreeding in fact is not a significant factor in host-

parasitoid relationship in the studied populations and other factors (such as 

environmental conditions, evolutionary history etc.) play a more important role (Green 

et al. 2000). 

 

 

4.4. Local adaptation 

 

Possible local adaptation of M. cinxia - C. melitaearum relationship has not been 

studied before and I did not find a pattern of local adaptation. It has to be noted that 

analysis of local adaptation was limited because I did not have local hosts for Pikku-
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Tytärsaari wasps or local wasps for Öland hosts.  As stated in the introduction, 

parasitoid and host dispersal rate, parasitoid generation time and parasitoid virulence all 

contribute to the pattern of local adaptation (Greischar & Koskella 2007). Since 

C. melitaearum has a shorter generation time than M. cinxia it could be hypothesized 

that the parasitoid should be more locally adapted than the host due to the fact that the 

parasitoid population has more opportunity to evolve in response to natural selection 

(Kaltz & Shykoff 1998). 

There are many possible reasons that local adaptation was not detected.  One 

reason might be that I only studied part of the host life cycle and local adaptation might 

be evident on other developmental stages. It may also be that in fragmented 

metapopulations extinctions, recolonizations, gene flow and general stochasticity 

disrupt the local processes (Hassell & Waage 1984). All these variables make it hard to 

predict the degree of local adaptation in different populations. Many studies have shown 

that local adaptation is in fact just an average phenomenon and cannot be easily detected 

in fragmented metapopulations (Sultan & Spencer 2002). A review paper by Greischar 

and Koskella (2007) revealed that non-significant results considering host-parasitoid 

local adaptation were reported more often than local adaptation.  

On the other hand, the results can be looked form another point of view. One of 

the reasons I did not detect local adaptation could be that the wasp and host populations 

were not sufficiently homogenous. From a single origin, I used hosts and parasitoids 

from several local populations (except Pikku-Tytärsaari C. melitaearum) which can be 

somewhat isolated from each other. When hosts and parasitoids live in metapopulations 

and the habitat patches differ in size, it may be that the individuals from different 

patches show differences, at least if the local population is isolated for enough period of 

time (Hassell & Waage 1984).  Indeed, I found great variation in almost all studied 

variables between host families within a single origin. I might have missed the aspect of 

local adaptation because I used hosts and parasitoids from many different 

subpopulations within an origin. The females I used for parasitizing were the progeny of 

wasps from the same origin but different patches, thus the parents might have been from 

separate, locally adapted populations. In other words, the geographical scale used might 

have been too large to detect local adaptation. Local adaptation and genetic differences 

of hosts and parasitoids could occur within a single origin and should thus also be 

studied within that origin. Some authors have found proof of a local adaptation on a 
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certain scale but not on smaller or larger scales suggesting that it is crucial to select the 

appropriate scale to detect local adaptation (Greischar & Koskella 2007). 

The discussion of local adaptation leads to questions about host specialization. 

Cotesia melitaearum is part of a group of species that has shown a clear tendency 

toward host associated specialization (Kankare et al. 2004). The reasons why host 

specialization evolves and is maintained have been the subject of debate and speculation 

for over many decades now (Godfray 1994). Host specialization and in time, even 

speciation has been studied widely with phytophagous insects (Fry 1996).  Many forces 

have been suggested to drive this phenomenon, most obvious being geographic isolation 

and the concept of trade-off discussed previously. The concept of trade-off has a 

prominent role in the evolution of host specialization but the exact mechanisms are still 

under debate (Fry 1996).  When we also take into account the concept of 

metapopulation, the specialization process is surely highly complicated.  

One of the main interests for the future research will be to figure the relatedness 

of the C. melitaearum populations around the Baltic Sea to see how much genetic 

differentiation has already taken place. All C. melitaearum populations used in this 

experiment are somewhat related to each other and represent the same haplotype of 

European C. melitaearum (Kankare et al. 2004), but their genetic relatedness within the 

haplotype can further be measured using microsatellite markers. 

Even though poorly understood, the specific mechanisms of host specialization 

are key factors in understanding the host-parasitoid relationship and to better evaluate 

the effects of other metapopulation processes to the evolution of hosts and parasitoids.  

 

 

4.5. Potential problems in the experiment  

 

The C. melitaearum egg development experiment confirmed that first dissections were 

done in a suitable moment, or at least not too early to observe the process of host 

defence. For example, dissections done three rather than four days after parasitizing 

would not yet have shown parasitoid larvae, not to mention live larvae with cell or dead 

larvae (Figure 32).  If dissection had been done 5 or 6 days after parasitizing I could 

have missed encapsulated eggs or small larvae because after encapsulation they start to 

fall apart and I would not have detected them. However, because the dissections were 

done four days after parasitizing I could not tell if the parasitoids attacked (parasitoids 
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with host cells) survived the host attack or not since many of them were alive, covered 

with host cells. Even if the host attacks the parasitoids, it does not mean the parasitoid 

could not escape it. Hatching from the egg and later molting from first to second instar 

must be an important way for the parasitoid to get rid of the host hematocytes. In the 

future I would suggest that an experiment with continuous dissections in order to find 

out what percentage of parasitoids actually escape the host attack.   

For an unknown reason, cocoons were produced mostly in the beginning of the 

experiment. Also, towards the end of the experiment, many hosts got sick due to an 

unknown infection.  Though I could dissect them to evaluate the parasitoids inside, they 

could not have survived to produce cocoons.  This may be one of the reasons to reduced 

cocoon production. Another factor affecting the cocoon production might be that I had 

to keep many of the host larval groups in the cool (11 °C) prior to parasitizing so that 

they would stay as third instar larvae. This might have had an effect to the host 

physiology in a way that parasitoids would prefer to stay as small instar larvae. Cool 

temperatures might cause similar physiological changes in the host as cool autumn 

temperatures which are a clear sign to the parasitoid to stay as small larvae inside the 

host and wait for the next summer. This has not been noted before and should be taken 

in to consideration in future studies.  
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Appendices  
 
Appendix 1: Specific coding and origins of Melitaea cinxia used in reciprocal transplant style experiment. 
 

Larval group code  Origin  Female parent nest oigin Male parent nest origin 

A29-2 Åland Åland female  1 Åland male 1 
A23-1 Åland Åland female  2 Åland male 2 
A26-1 +  A30-1 Åland Åland females  3+ 6  Åland male 3 + 6 
A35-1 Åland Åland female  4 Åland male 4 
A36-2 Åland Åland female  5 Åland male 5 
C20-1 Saaremaa Karala, nest 7, female 20 Kaugatoma, nest 6 males 
C38-1 Saaremaa Kaugatoma, nest 6, female 38 Karala, nest 7 males 
C20-2 Saaremaa Karala, nest 7, female 20 Kaugatoma, nest 6 males 
C44-1 Saaremaa Kurevere, nest 2, female 44 Kaugatoma, nest 6 males 
C mix-5 Saaremaa an unknown Saarenmaa female  unknown Saaremaa males 
D18-2 Öland Skogsby nest 7, female 18 "biological station" , nest 1 males 
D23-1 Öland Skogsby nest 7, female 23 Buserum, nest 2 males 
D31-1 Öland Skogsby nest 8, female 31 "biological station" , nest 1 males 
D mix-1 Öland an unknown Öland  female   Unknown Öland males 
D18-5 Öland Skogsby nest 7, female 18 "biological station" , nest 1 males 
B31-2 Uppland Hammarby, nest 6 female 31 Tomta, nest 4 males 
B23-1 Uppland Söderlund, nest 1, female 23 Hammarby, nest 6 males 
B38-2 Uppland Söderlund, nest 1 female 38 Hammarby, nest 6 males 
B41-1 Uppland Tomta nest 4 female 41 Söderlund, nest 1 males 

B29-1 + B31-3 Uppland 
Hammarby, nest 5 female 29,  
Hammarby, nest 6 female 31 

Tomta, nest 4 males.  
Söderlund, nest 1 males 

 

 
 
Appendix 2: Specific coding and origins of Cotesia melitaearum used in reciprocal transplant style experiment.  
 

Wasp code  Wasp origin  female parent collection site male parent collection site 

11c Pikku-Tytärsaari PT location 027,  larva 1 PT location 065, larva 1 

12a Pikku-Tytärsaari PT location 027,  larva 1 PT location 065, larva 1 

12b Pikku-Tytärsaari PT location 027,  larva 1 PT location 065, larva 1 

12c Pikku-Tytärsaari PT location 027,  larva 1 PT location 065, larva 1 

12d Pikku-Tytärsaari PT location 027,  larva 1 PT location 065, larva 1 

13a Pikku-Tytärsaari PT location 027,  larva 2 PT location 065, larva 1 

13c Pikku-Tytärsaari PT location 027,  larva 2 PT location 065, larva 1 

15a Pikku-Tytärsaari PT location 065, larva 1 PT location 027,  larva 1 

15b Pikku-Tytärsaari PT location 065, larva 1 PT location 027,  larva 2 

16a Pikku-Tytärsaari PT location 065, larva 2 PT location 027,  larva 1 

16b Pikku-Tytärsaari PT location 065, larva 2 PT location 027,  larva 2 

17a Pikku-Tytärsaari PT location 043,  larva 1 PT location 065, larva 2 

17c Pikku-Tytärsaari PT location 043  larva 1 PT location 065, larva 2 

212 Saaremaa Kaugatuma, nest 6, larva 5  Kurevere, nest 2, larva 1 

21a Saaremaa Kaugatuma, nest 6, larva 5  Kurevere, nest 2, larva 1 

21c Saaremaa Kaugatuma, nest 6, larva 5  Kurevere, nest 2, larva 1 

22a Saaremaa Kurevere, nest 2, larva 1 Kaugatuma, nest 6, larva 5  

22b Saaremaa Kurevere, nest 2, larva 1 Kaugatuma, nest 6, larva 5  

22c Saaremaa Kurevere, nest 2, larva 1 Kaugatuma, nest 6, larva 5  

22d Saaremaa Kurevere, nest 2, larva 1 Kaugatuma, nest 6, larva 5  

23a Saaremaa Kaugatuma, nest 6, larva 5  Kaugatuma, nest 5, larva 1 

23b Saaremaa Kaugatuma, nest 6, larva 5  Kaugatuma, nest 5, larva 1 

23c Saaremaa Kaugatuma, nest 6, larva 5  Kaugatuma, nest 5, larva 1 
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23d Saaremaa Kaugatuma, nest 6, larva 5  Kaugatuma, nest 5, larva 1 

23e Saaremaa Kaugatuma, nest 6, larva 5  Kaugatuma, nest 5, larva 1 

24b Saaremaa Kaugatuma, nest 6, larva 5  Kaugatuma, nest 5, larva 1 

25b Saaremaa Kaugatuma, nest 5, larva 1 Kaugatuma, nest 6, larva 5  

31a Åland Lammi ID 001-008-1c patch 877, nest 1, larva 1 

31b Åland Lammi ID 001-008-1c patch 877, nest 1, larva 1 

31c Åland Lammi ID 001-008-1c patch 877, nest 1, larva 1 

34b Åland Lammi ID 001-008-1b patch 877, nest 5, larva 1 

35a Åland patch 562, larva 1 patch 609, larva 1, cocoon a 

35c Åland patch 562, larva 1 patch 609, larva 1, cocoon a 

35d Åland patch 562, larva 1 patch 609, larva 1, cocoon a 

36a Åland patch 609, larva 1, cocoon a patch 562, larva 1 

36b Åland patch 609, larva 1, cocoon a patch 562, larva 1 

36c Åland patch 609, larva 1, cocoon a patch 562, larva 1 

36d Åland patch 609, larva 1, cocoon a patch 562, larva 1 

38a Åland patch 877, nest 1, larva 1 Lammi ID 001-008-1c 

38b Åland patch 877, nest 1, larva 1 Lammi ID 001-008-1c 

38c Åland patch 877, nest 1, larva 1 Lammi ID 001-008-1c 

38d Åland patch 877, nest 1, larva 1 Lammi ID 001-008-1c 

38e Åland patch 877, nest 1, larva 1 Lammi ID 001-008-1c 

39a Åland patch 609, larva 1, cocoon  b Lammi ID 001-008-1b 

39b Åland patch 609, larva 1, cocoon b Lammi ID 001-008-1b 

41b Uppland Soderlund, nest 1, larva 3 Hammarby, nest 5, larva 1 

41c Uppland Soderlund, nest 1, larva 3 Hammarby, nest 5, larva 1 

41d Uppland Soderlund, nest 1, larva 3 Hammarby, nest 5, larva 1 

41e Uppland Soderlund, nest 1, larva 3 Hammarby, nest 5, larva 1 

41f Uppland Soderlund, nest 1, larva 3 Hammarby, nest 5, larva 1 

41g Uppland Soderlund, nest 1, larva 3 Hammarby, nest 5, larva 1 

42a Uppland Hammarby, nest 5, larva 1 Soderlund, nest 1, larva 3 

42b Uppland Hammarby, nest 5, larva 1 Soderlund, nest 1, larva 3 

42d Uppland Hammarby, nest 5, larva 1 Soderlund, nest 1, larva 3 

43c Uppland Tomta, nest 3, larva 1 Hammarby, nest 5, larva 2 

44a Uppland Soderlund, nest 1, larva 2 Tomta, nest 3, larva 1 

44c Uppland Soderlund, nest 1, larva 2 Tomta, nest 3, larva 1 

45a Uppland Hammarby, nest 5, larva 1 Soderlund, nest 1, larva 3 

45b Uppland Hammarby, nest 5, larva 1 Soderlund, nest 1, larva 3 

45d Uppland Hammarby, nest 5, larva 1 Soderlund, nest 1, larva 3 

45e Uppland Hammarby, nest 5, larva 1 Soderlund, nest 1, larva 3 

46a Uppland Soderlund, nest 1, larva 3 Hammarby, nest 5, larva 1 
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Appendix 3: Dependent variables for statistical analyses in the first dissection.  
 
 

Dependent variables for statistical analyses in the first dissection  

 
Categories as presented in table 2.  
  

Calculated variables *1     

Number of total parasitoids     

Number of total parasitoid eggs    

Number of total parasitoid larvae    

Number of dead parasitoids     

Number of healthy parasitoids (host could not defend against)     

Number of parasitoids host has defended against  

Number of alive parasitoids (assuming that egg with cells is still alive)   

Number of alive parasitoids (assuming that egg with cells is not alive)  

Fraction of parasitoid eggs from all parasitoids  

Fraction of parasitoid eggs from all parasitoid larvae   

Fraction of dead parasitoids from all parasitoids  

Fraction of parasitoids that host defended against from all parasitoids   

Fraction of healthy parasitoids from all parasitoids  

Host defended against parasitoid (yes/no)   

Host survive (yes/no)*2   
 
 
*1 Since aggregates were a slightly subjective category in the dissections, calculated values 
were made both with and without aggregates (for example total parasitoids with 
aggregates and total parasitoids without aggregates).  
     
 *2Host survives (in terms of parasitoids) if no parasitoids were found inside the host or found parasitoids were successfully 
killed. 
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Appendix 4: Dependent variables for statistical analyses in the second dissection.  
 

Dependent variables for statistical analyses in the second dissection 

 
Categories as presented in table 3.  
 

Calculated variables *1 

Number of total parasitoids (including produced cocoons) 

Number of total 1st instar parasitoids 

Fraction of 1st instar parasitoids from all parasitoids 

Number of total 2nd instar parasitoids 

Number of total 3rd instar parasitoids (including produced cocoons) 

Number of total aggregates 

Number of healthy parasitoids (host could not defend against) 

Fraction of healthy parasitoids from all parasitoids 

Number of parasitoids attacked by the host 

Fraction of attacked parasitoids from all parasitoids 

Number of dead parasitoids 

Fraction of dead parasitoids from all parasitoids 

Host defended against parasitoid (yes/no) 

3rd instar survival rate (produced cocoons from all 3rd instar parasitoids) 

3rd instar production rate (3rd instar parasitoids from all parasitoids) 

Development rate (1st instar parasitoids from 3rd instar parasitoids) 

Cocoon rate (produced cocoons from all parasitoids) 

Host survive (yes/no)*2 

Number of cocoons produced 

Cocoons (yes/no) 

Death or dissection (days after parasitizing) 

Nothing inside the host (when dissected, no cocoons either) 

 
 
*1 Since small aggregates (1st instar) were a slightly subjective category in the dissections, calculated values were made both 
with and without 1st instar aggregates (for example total parasitoids with small aggregates and total parasitoids without small 
aggregates). Big aggregates were not subjective and were included in total 3rds etc. When dissecting the hosts, I often found 
parasitoid larvae that were dead but looked perfectly fine (categories with dead parasitoids which look ok). These parasitoids 
are problematic since they could be thought of as healthy larvae that died because of the dissection or host sickness or they 
could be thought as parasitoids killed by host (by an unknown mechanisms not visible in the dissection). Because of this 
uncertainty, many of the variables were calculated twice: “dead look ok” thought of as healthy parasitoids and “dead look ok” 
thought of as parasitoids attacked and killed by host.  
 
*2 Host survives (in terms of parasitoids) if nothing was found inside the host when dissected, the host did not produce cocoons 
or all parasitoids were successfully killed as 1st instar parasitoids. If the host included any 2nd or 3rd instar parasitoids (dead or 
alive) its survival was considered failed.  
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Appendix 5: Detailed information about statistical models presented in results.  

M* Factor: first dissection F-ratio (Model) P < R2 p< Wasp p< Host p< Wasp * host p< sex 

1 Number of total parasitoids 1,879 0,0061 0,254094 0,0273 0,2135 . . 
2 Number of alive parasitoid larvae 3,152 0,0001 0,215491 . 0,0131 . . 
3 Number of total parasitoid larvae 3,303 0,0001 0,255384 . 0,0143 . . 

4 Fraction of eggs from total parasitoids 2,958 0,0001 0,349069 0,0109 0,0054 0,0081 . 
5 Butterfly survival rate 2.735 0,0097 0,197101 0,29 0,0083 0,044 . 

 Factor: Second dissection        
6 Fraction of attacked  parasitoids 5,1312 0,0001 0,198761 . 0,0094 . . 

7 Fraction of 1st instar parasitoids 3,8546 0,0001 0,238749 0,0001 0,4387 0,0046 . 
8 Fraction of 3rd instar parasitoids  4,9762 0,0001 0,288199 0,0001 0,0031 0,0001 . 
9 3rd instar survival rate (cocoons) 4,7648 0,0001 0,326203 . 0,0035 . . 

 C. melitaearum cocoon data        
10 Parasitoid development time inside the host 7,6791 0,0001 0,535288 0,0002 0,003 . . 
11 Cocoon weight 5,2955 0,0001 0,442689 0,0001 0,0001 . . 
12 Mean number of cocoons 3,0946 0,0001 0,436193 0,0004 0,4164 . . 

13 Cocoon weight by sex 7,3767 0,0001 0,352142 . . . 0,0001 
 C. melitaearum external morphology        

14 Tibia/wing length 17,3 0,0001 0,483245 0,0106 . . 0,0001 

15 Tibia/wing width 14,405 0,0001 0,437777 0,1273 . . 0,0001 
16 Tibia length 36,581 0,0001 0,664129 0,0001 . . 0,0001 
17 Wing length 20,057 0,0001 0,520189 0,0001 . . 0,0001 
18 Wing width 14,308 0,0001 0,436114 0,0001 . . 0,0001 

19 Wing width/wing length 3,6561 0,0001 0,264954 0,1194 . 0,0006 0,5206 
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Appendix 6: Detailed information about pair wise comparisons in statistical models presented in results.  
M*4-1, Fraction of eggs from total parasitoids:  Pikku-Tytärsaari wasps in Öland vs. other hosts 
Sum of Squares 1,281878647 
Numerator DF 1 
Denominator DF 171 
F Ratio 17,07511945 
Prob > F 5,61497E-05 
M*4-2, Fraction of eggs from total parasitoids: Uppland wasps in Saaremaa vs. other hosts 
Sum of Squares 0,652788243 
Numerator DF 1 
Denominator DF 171 
F Ratio 8,695391921 
Prob > F 0,003636672 
*M7-1, Fraction of 1st instar parasitoids: Saaremaa wasps in Saaremaa/Åland hosts vs. Uppland/Öland hosts 
Sum of Squares 1,567407752 
Numerator DF 1 
Denominator DF 381 
F Ratio 12,67802521 
Prob > F 0,000416798 
*M7-2, Fraction of 1st instar parasitoids: Åland wasp in Åland and Uppland host vs. Saaremaa and Öland hosts 
Sum of Squares 0,59459571 
Numerator DF 1 
Denominator DF 381 
F Ratio 4,809405463 
Prob > F 0,028908697 
*M7-3, Fraction of 1st instar parasitoids: Pikku-Tytärsaari wasps in Saaremaa hosts vs. other hosts 
Sum of Squares 0,336242977 
Numerator DF 1 
Denominator DF 381 
F Ratio 2,719711528 
Prob > F 0,099940149 
*M7-4, Fraction of 1st instar parasitoids: Uppland wasps in Öland hosts vs. other hosts 
Sum of Squares 0,397059722 
Numerator DF 1 
Denominator DF 381 
F Ratio 3,21162962 
Prob > F 0,073909969 
*M8-1, Fraction of 3rd instar parasitoids: Saaremaa hosts parasitized by Åland wasps vs. other wasps 
Sum of Squares 0,902691067 
Numerator DF 1 
Denominator DF 381 
F Ratio 6,017542891 
Prob > F 0,014611676 
*M8-2, Fraction of 3rd instar parasitoids: Saaremaa wasps in Saaremaa/Åland hosts vs. Uppland/Öland hosts 
Sum of Squares 1,359632133 
Numerator DF 1 
Denominator DF 381 
F Ratio 9,063615423 
Prob > F 0,002781138 
*M8-3, Fraction of 3rd instar parasitoids: Åland wasps in Uppland hosts vs. other hosts   
Sum of Squares 0,778228695 
Numerator DF 1 
Denominator DF 381 
F Ratio 5,187848561 
Prob > F 0,023298701 
*M8-4, Fraction of 3rd instar parasitoids: Pikku-Tytärsaari wasps in Saaremaa hosts vs. other hosts 
Sum of Squares 4,313045038 
Numerator DF 1 
Denominator DF 381 
F Ratio 28,75173407 
Prob > F 0,0001 
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