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ABSTRACT 
 
Ecological factors could be a driving force in the speciation process. In butterflies, host plant 
use might be such a factor as there seems to exist a relationship between host plant range and 
butterfly diversity. According to the oscillation hypothesis, a broad host plant repertoire could 
enhance establishment in new areas, in which local adaptations can take place, and hence 
facilitate diversification within species. In this thesis we have studied three butterfly genera 
Polygonia (Nymphalidae, Nymphalini), Pararge (Nymphalidae, Satyrinae) and Celastrina 
(Lycaenidae: Polyommatinae). In the first paper a dated phylogeny, based on nuclear DNA 
(nDNA) and mitochondrial DNA (mtDNA), of Polygonia was constructed. We found strong 
conflict between the nDNA and mtDNA datasets. Possibly this can be explained by ancestral 
and recent hybridizations between contemporary taxa. The results point to the importance in 
using different markers when we try to construct the evolution of taxa. In the second paper a 
sister group comparison was made in order to discover whether host plant range has had an 
effect on species diversity. Polygonia includes both species that are specialists on the 
ancestral host plant (”urticalean rosids”) as well as species with a broad host plant range. Our 
result indicated higher diversification rates in clades which included species with larvae 
feeding on different, or additional, plants compared to the ”urticalean rosids” specialists. In 
the third paper our focus was on the colonization abilities in polyphagous butterflies. The 
haplotype structure of the mtDNA cytochromeoxidase I (COI) within the Nearctic species of 
Celastrina was analysed in a haplotype network. We also contrasted the haplotype structure in 
the two polyphagous and closely related species P. c-album (Palearctic) and P. faunus 
(Nearctic). We found little variation in Celastrina and the results from the analyses imply that 
the genus has expanded recently and rapidly. There are indications of differentiation in COI 
and, possibly, host plant use is involved. In P. c-album we also found little variation and the 
species seems to have expanded recently and rapidly, whereas in P. faunus we found structure 
among the haplotypes. We believe that several different haplotypes of this species have been 
preserved during glaciations in the Nearctic. In the fourth paper the evolution of the 
grassfeeding Pararge was analysed. The phylogeny was based on the mtDNA COI and the 
nDNA wingless (wgl) and times of divergences were calculated. We found a deep divergence 
between the European and Moroccan populations of P. aegeria which indicates the 
importance of the Mediterranean as a barrier for gene flow. The establishment of populations 
on the Atlantic islands might serve as examples of good colonization abilities in grass feeding 
butterflies. 
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INTRODUCTION 

 
The diversity of plants, fungi and animals is a result of the process of speciation. This process 
is complex and spans the research areas of evolution, genetics, systematics, ethology, ecology 
and biogeography. Several studies have suggested that herbivory (the ability to feed on plants) 
has increased diversification rates in insects (Farrell, 1998; Mitter, et al., 1988). Plants are a 
diverse resource and offer an abundance of different niches. In many insect groups the 
majority are specialists on one plant family (Novotny & Basset, 2005; Scott, 1986; Ward & 
Spalding, 1993). However, there is, as yet, no support for a universal tendency of transitions 
from a generalist feeding habit towards specialization (Janz, et al., 2001; Nosil, 2002; 
Stireman, 2005). If we do not believe that it is common to randomly shift from one plant 
species to another there must be a process leading to specializations on different plants. Janz 
et al. (2001) proposed that species might oscillate between phases of specialization and a 
more general feeding habit (Janz & Nylin, 2008; Janz, et al., 2006; Nylin & Janz, 2008). The 
ability to feed on plants that are not included in the natural repertoire, has been confirmed in 
laboratory studies (Futuyma, et al., 1993; Janz, et al., 2001; Pratt & Ballmer, 1991; Wiklund, 
1975) which support the hypothesis of  host plant use as a plastic trait (Nylin & Janz, 2008). 
A phase in which an insect is able to feed on different plants will then work as a ”platform” 
from which specialization to ancient or novel host plants can occur. The term ”different 
plants” refers to host plants that are evolutionarily distantly related, e. g. that belong to 
different plant families or groups of families. In order to feed on a plant the insect must be 
able to recognize that plant and also be able to metabolize its chemical compounds. Although 
it cannot be ruled out that even if plants are distantly related they can still share traits 
important for butterfly use, similarities between different plants species is, likely, often a 
consequence of shared ancestry. There is an evolutionary relationship between butterfly 
species and larval host plant where phylogenetically related butterflies tend to use related 
plant species (Ehrlich & Raven, 1964; Janz & Nylin, 1998). In british longhorn beetles it has 
been shown that in about half of the genera, containing both specialists and generalists, the 
host plant of the specialists are also included in the diet of the generalists (Futuyma, 1989). 
The purpose of this thesis has been to gain further understanding of the relationships between 
host plant use, colonization and speciation in butterflies. The priority has been to present a 
framework in which further details about diversification in polyphagous (generalist feeding) 
butterflies can be studied. In order to interpret the evolution of a group of taxa a phylogenetic 
background is essential. The focus has been on the butterfly genera Polygonia 
(Nymphalidae:Nymphalinae), Celastrina (Lycaenidae: Polyommatinae) and Pararge 
(Nymphalidae: Satyrinae). The first two genera include both species specialized with larvae 
feeding on one or a few closely related plants as well as species with the ability to use several 
different plants. The last genus belongs to the subfamily Satyrinae which mainly feed on 
grasses. Although Pararge is a specialist on the grass family Poaceae, this resource is 
common and widespread and thus offers ample opportunities for colonizations. The starting 
point has been that the abilities to feed on several different plants (e.g to be polyphagous) will 
enhance the possibilities to colonize new areas, adapt to the local resources and, in some 
cases, respecialize or specialize on new host plants according to the oscillation hypothesis 
(Janz & Nylin, 2008; Janz, et al., 2006; Nylin & Janz, 2008). This assumption have not yet 
been possible to test but our results are in line with the predictions. Throughout this thesis the 
use of ”host plant” is synonymous with ”larval food plant”. 
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What is a species? 
 
In order to discuss speciation, a few words are needed to explain different views of how to 
define a species. The perspective of what a species is has changed through time. At the time 
of Linnaeus species were defined based on their appearance, e.g shared morphological 
characters (see Futuyma, 1998). This was then questioned, as some species apparently are 
polymorphic. The definition changed to include common descent. Even if two organisms 
differed morphologically they should be considered conspecific if they are offspring of the 
same parents. The most widely used definition is the Biological species concept that was put 
forward by Dobzhansky (1937), Muller (1942) and Mayr (1942). This concept was defined by 
Mayr as ”species are groups of actually or potentially interbreeding natural populations, 
which are reproductively isolated from other such groups” (Mayr, 1942 p.120). However, this 
concept, although commonly used, has severe limitations. It is neither applicable to asexual 
organisms nor to populations separated in time (Futuyma, 1998) and fertile hybrids can in 
some cases be produced between obvious separate species. A well known example is the 
edible frog Pelophylax kl. esculentus which is a hybrid between P. lessonae and P. 
ridibundus. Other concepts have been put forward in order to adjust the definition to different 
perspectives (for an overview see Endler, 1989; for an overview see Futuyma, 1998; Mayr, 
1966; Templeton, 1989). De Queiroz (2007) made an attempt to unify the wide range of 
species concepts and removed the details in the different concepts but kept what unified them. 
This unifying concept was defined as ”a species is a separately evolving metapopulation 
lineage” (de Queiroz, 2007 p.881). The definitions of how to separate species, for example, 
the ecological species concept (Andersson, 1990), the genealogical species concept (Avise & 
Ball, 1990) or the genotypic cluster species concept (Mallet, 1995) then serve to diagnose a 
species along a continuum. Indeed, speciation is a process in which morphological and 
ecological characters as well as different genes evolve at different speed. This makes it hard 
to always be able to delimit a universal species concept. 
 

The speciation process 
 
Speciation has fascinated people for hundreds of years. The process is central in ecological, 
biogeographical and, of course, evolutionary biology. It is affected by interactions both 
between species (gene flow) as well as within species (divergent selection, assortative 
mating), but also by the abilities to disperse and colonize new areas. If we understand how 
animals and plants have evolved and reacted to different environmental factors, such as 
climate change and fragmentation, it is also possible to get an idea what the consequences will 
be on the diversity when climate and habitats are changing in the future.  
 
The classical explanation for the speciation process is a spatial view in which reproductive 
isolation is achieved either as a cause of allopatry (Mayr, 1942; Mayr, 1966) or a cause of the 
mechanisms that operate in sympatry (Maynard Smith, 1966). Allopatric speciation has been 
considered a common mode of speciation in animals and refers to when a population is 
separated in space. This can be due to a historical vicariant event when a barrier, such as the 
emergence of a mountains or a water divide, splits up an area. It could also be due to changes 
in the habitat, such as fragmentation caused by predation (Menge & Sutherland, 1976) or 
humans, in which an area becomes unfavourable in such a way that individuals in two 
populations will no longer be able to enter the space of each other. Dispersal to new, more and 
less isolated, areas by individuals from a population is also a cause for allopatric distribution 
that eventually can lead to diversification (Allmon, 1992). Speciation is a result of lack of 
gene flow, where there is no genetic exchange between populations. Given enough time, that 
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probably will vary from case to case, two allopatric populations will diverge to an extent that 
reproduction between them will no longer be possible, due to either drift (random mutations), 
selection (natural or sexual) or pleiotropy (multiple effects of a single gene which affects 
more than one phenotypic character). In a smaller population this will probably be a more 
rapid process compared to a larger population. If however, speciation occurs between two 
populations within the same geographic area, the process is called sympatric speciation. In 
this case, divergence is achieved as a direct result of selection, natural or sexual, as well as 
assortative mating (preference for a mate with a particular morphology or mating site etc.). 
Mayr described sympatric speciation as when ”the splitting of the gene pool itself is caused by 
ecological factors” (Mayr, 1966 p. 451) but he doubted that it was of any real importance in 
the splitting of populations into new species. Sympatric speciation is still a debated subject 
(Felsenstein, 1981; Futuyma & Mayer, 1980) and over the years there has been a lively debate 
about the evidence of sympatric speciation in nature (for a review see Via, 2001). In theory 
new species can arise without geographic barriers via several different mechanisms; 
polyploidy, habitat race systems (Diehl & Bush, 1989) or selection against intermediate 
phenotypes (Kondrashov, et al., 1998). This will divide the population into two 
reproductively isolated populations, although they persist in the same space. An example of  a 
system that could be applied to sympatric speciation is the habitat race system in plant feeding 
insects, (”host races”). In such a system where individuals mate and feed at the same spot, a 
preference can, possibly, evolve for a new host plant and thus these divergent individuals may 
become isolated from the original individuals, as they rarely meet for mating.  

 
However, speciation is probably not that straightforward, as to be classified as either allopatry 
or sympatry, and should instead be considered as a continuum where allopatry and sympatry 
are the ends of that continuum. Between these two processes there exist many variants where 
divergence for example starts in allopatry but later populations come in contact again 
(secondary contact) and divergence becomes even stronger because of selection against 
hybridization (reinforcement). Contemporary distribution pattern cannot be used without 
caution, as many animals are mobile and their distributions could have been different at the 
time of divergence. The histories of species and populations are, in temperate areas, also 
affected to a large extent by the climatic changes that have occurred throughout the last 
million years (Hewitt, 2004). Thus besides very clear cut examples, such as island speciation, 
geographically based speciation models might not be the best way to explain the process.  

 
The impact of ecology on the speciation process has been brought into the light again in the 
last ten years. Rundle and Nosil (2005) defined ecological speciation as ”the process by which 
barriers to gene flow evolve between populations as a result of ecologically-based divergent 
selection” (p. 336). Divergent selection refers to cases in which selection in two populations 
act in different directions. Especially ecological factors, such as environmental differences in 
resource use, mate recognition in different habitats (Boughman, 2001; Leal & Fleishman, 
2004; Naisbit, et al., 2001; Schluter & Price, 1993) and predation (Jiggins, et al., 2001; Nosil, 
2004; Vamosi & Schluter, 2002), have been studied. Divergent selection can occur in two 
populations that are allopatrically distributed as well as populations that are sympatric. 
Rundle and Nosil (2005) suggested that rather than using the geographically based view of 
speciation, we should focus on the mechanisms that inhibit gene flow between the populations 
and thus cause populations to evolve into different species. The reproductive isolating barriers 
could either be those operating before mating (pre-zygotic), after mating but before 
fertilization (post-mating pre-zygotic) or after fertilization (post-zygotic). I will briefly present 
these mechanisms which have ecological components but for a more thorough discussion, see 
Coyne & Orr (2004) and Rundle & Nosil (2005).  
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Pre-zygotic barriers: 

 
Habitat isolation. This applies to the situation when two populations are separated due to 
divergent selection for different habitats. This situation can be applied to both allopatry and 
sympatry. In allopatry it requires local adaptation to the different habitats. Dobzhansky (1940) 
emphasized that isolating mechanisms are formed only incompletely in allopatry, and will 
fully develop when populations meet again in secondary contact. Mating between the 
previously separated populations are expected to produce inferior hybrids and thus lead to a 
selection against hybridizations (Marshall, et al., 2002) through assortative mating (non-
random mating within a population where individuals tend to mate with individuals 
resembling themselves). This is called reinforcement (Blair, 1955; Dobzhansky, 1940). 
Reinforcement could be operating in secondary contact  (Barton & Hewitt, 1985), as well as 
in an environmental cline with different selection in different ends of the cline (Endler, 1977) 
or in sympatry with polymorphism in a heterogenous environment (Maynard Smith, 1966). 
When two populations exist in sympatry, selection for niche divergence or strong selection in 
females or males for characters in the opposite sex (Lande, 1981) is required. A common 
example is plant feeding insects that mate and lay their eggs in or close to the host plant of the 
larvae (Johnson, et al., 1996), such as pea aphids Acyrthosiphon pisum (Hawthorne & Via, 
2001). Divergent selection for different host plants can alter changes in morphology and mate 
recognition systems which lead to assortative mating. If the insect is dependent on the 
phenology of the plant, temporal isolation between populations can also be the result (see 
Cocroft, et al., 2008 regarding an example with treehoppers (Hemiptera)). 
  
Natural selection against immigrants. This could be seen as a mechanism for reproductive 
isolation in itself (Rundle & Nosil, 2005). Individuals that migrate into the habitat of the other 
population will be poorly adapted and thus will produce few offspring. 
 
Temporal isolation. This refers to situations such as when two populations of plant feeding 
insects are selected for plants that occur during separate times of the years. The mating 
periods of two insect populations will then never coincide thus the populations are 
reproductive isolated in time, but not in space.   
 
Sexual isolation. Divergent selection for different visual and behavioural cues may cause 
individuals from one population to be less attractive or not recognized as mates in the other 
population (Boughman, 2001; Boughman, 2002). One example is the lizard Anolis cristatellus 
in which different mate signal characters have evolved in mesic and xeric habitats. The 
characters have evolved differently due to the light intensity and spectral quality in the two 
habitats (Leal & Fleishman, 2004).  
 
Post-zygotic barriers: 
 
Post-zygotic isolation. This refers to when fitness of the hybrids will be low because they are 
poorly adapted to both parental habitats (Coyne & Orr, 2004; Rice & Hostert, 1993; Rundle & 
Whitlock, 2001). Genetic incompatibilities might evolve more rapidly under divergent 
selection (Rundle & Nosil, 2005).  

 
Sexual selection against hybrids.  Selection against hybrids can appear when the sexual 
display in the hybrid is maladapted to the environment (Schluter, 2000). It could also be a 
consequence of divergent selection in two populations in which two phenotypes have 
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evolved. An intermediate phenotype of the hybrid will then be unattractive in both parental 
environments (Rundle & Nosil, 2005). The butterflies Heliconius cydno and H. melpomene 
(Nymphalidae) are flying in sympatry in parts of their distribution. They are unpalatable and 
warningly coloured. Both species are mimics of two other Heliconius butterlies. There is 
strong assortative mating between sympatric populations and the hybrids are, due to the 
intermediate phenotype being both poorly adapted and not attractive as mates for the wild 
type individuals (Jiggins, et al., 2001; Naisbit, et al., 2001).  
 

Host plant use and diversification in insects 
 
So far, the emphasis on host plant use in insects have been on the advantages of being a  
specialist. However, when these hypotheses have been tested the results have been ambiguous 
(see Singer, 2008). Specialization can be a physiological adaptation to the chemical 
compounds of a plant (Dethier, 1954; Ehrlich & Raven, 1964), an adaptation to avoid 
predation (Jeffries & Lawton, 1984; Singer & Stireman, 2005), or to optimize information-
processing (Bernays & Wcislo, 1994) in, for example search and egg laying behavior (Janz & 
Nylin, 1997). On the other hand, being restricted to one or a few plants also makes the species 
vulnerable to any changes in the availability of that plant. Abundance and distribution will 
probably vary according to season and climatic changes. However, laboratory experiments on 
butterflies (Janz, et al., 2001; Pratt & Ballmer, 1991; Wiklund, 1975) and beetles (Futuyma, et 
al., 1994) have shown that species may also be able to feed on host plants not ordinarily used 
by the insect, thus the potential range of host plants is probably wider than the range actually 
used by the insect.  

 
The entomologist Benjamin Walsh in 1864 raised the idea (see Brues, 1924) that host-plant 
shifts can be factors involved in the speciation process. He noted the existence of populations 
that prefer different host-plants but do not seem to have any structural morphological 
differences. Walsh suggested that those groups were incipient species. The ocurrence and 
mechanisms of host plants shifts have continued to fascinate during the years and is no less 
discussed today. For example, Carroll et al. (1997) reported rapid diversification in the 
soapberry bug (Jadera hematoloma) due to shifts to introduced host plants,  Via (1999; Via, 
et al., 2000) found reproductive isolation between populations of pea aphids (Acyrhosiphon 
pisum) using different host plants and the work by Wood have shown that host shift in the 
treehoppers Enchenopa binotata (Hemiptera) has resulted in temporal isolation and divergent 
mate recognition systems (see Cocroft, et al., 2008 and references therein). The idea that 
polyphagy might be a path leading to adaptation to different host plants and host shifting was 
suggested by Ward and Spalding (1993). However, how an insect population shift from one 
host plant to another was not explained. Janz et al. (2001) came up with the theory that there 
might be a relationship between host range expansion and speciation. There might be a 
continuous process of polyphagy and monophagy where phases of specialization can change 
to a phase where more host plants are incorporated and then back to a phase of specialization 
on the ancient or a novel host plant. The ability to feed on ancestral host plants in the butterfly 
tribe Nymphalini was shown in laboratory feeding experiment (Janz et al., 2001), thus there 
exists a potential to broaden the host plant range. This plasticity (Nylin & Janz, 2008) for 
utilizing plants used earlier in the history of the lineage could be activated in the butterflies 
which would then be able to rapidly broaden their host plant range if necessary. Being able to 
use a set of different host plants should also enhance colonization in a phase of spatial 
expansion, as the insect will then be released from the limitations of a particular host plant, 
e.g the abiotic requriements and limitation in time (Janz, et al., 2006). When an insect has 
colonized a new area, adaptation to local host plants might lead to different scenarios. Either it 
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could respecialize on the ancestral host plant, specialize on a novel local host plant or 
continue to use a range of host plants. This process of polyphagous and monophagous 
transition states has been called the oscillation hypothesis (Janz & Nylin, 2008; Janz, et al., 
2006; Nylin & Janz, 2008). In Paper II we showed that using more or additional host plants 
than the ancestral ones in Polygonia indicated more butterfly species. This relationship was 
statistically significant in a study on family level of Nymphalidae (Janz, et al., 2006). An 
expansion of host plant range was followed by an increase in the rate of net diversification 
although, turning this around, clades with more butterfly species did not necessarily use more 
host plants.  
 

Introgression 
 

Even though two populations have reached the level of being separate species, it happens that 
they mate and produce offspring (hybrids). At least 6% of the Papilio butterfly species are 
involved in hybridization (Sperling, 1990). In a hybridization event, genes are transferred 
from one population to the other. If one gene from one population gets established in another 
population this is termed introgression. When species hybridize the outcome could be either a 
viable hybrid and thus a zone of hybrids can appear, or the hybrids will be inferior. The width 
of the hybrid zone will be dependent on the rate of dispersals and strength of the selection 
against hybrids (Barton & Hewitt, 1985).  
 
Haldane (1922 p. 101) wrote that ”[w]hen in the F1 offspring of two different animal races 
one sex is absent, rare, or sterile, that sex is the heterozygous sex”. This has been called 
Haldane’s rule. Although a reverse to this phenomenon was found in a study of water striders 
(Gerridae: Hemiptera) (Spence, 1990), the rule is common (Orr, 1997; Presgraves, 2002). The 
heterozygotic sex (or heterogametic sex see Coyne & Orr, 1989) is males in mammals and 
most insects but females in birds and butterflies. In organisms where females are the 
heterogametic sex this will result in sterile or inviable females.  

 
Genes have different ability to introgress (Baack & Rieseberg, 2007) and in general genes 
involved with ecological, sexual or post-mating isolation are assumed to be more reluctant to 
introgress. Several studies have shown that mtDNA introgresses relatively easily (Bachtrog, 
et al., 2006; see Ballard & Whitlock, 2004 and references therein). However, as the 
mitochondrial genes are inherited from mother to offspring it will be uncommon that 
mitochondrial genes will be transferred from one species to another in species were females 
are the heterogametic sex, which is the case for birds and butterflies, according to Haldane's 
rule (Sperling, 2003). Still, our interpretation of the results in Paper I is that mtDNA might 
have introgressed in Polygonia butterflies. Mitochondrial introgression has been suggested as 
a potential explanation for haplotype relationship between Papilio rutulus and P. eurymedon 
(Sperling, 1993). Presgraves (2002) showed that sterility/inviability evolves gradually in 
Lepidoptera, thus recently speciated species might not show Haldane's rule.  
 

A PRESENTATION OF THE BUTTERFLIES 
 

I have studied three different butterfly genera; Polygonia (Nymphalidae, Nymphalini), 
Pararge (Nymphalidae, Satyrini) and Celastrina (Lycaenidae, Polyommatini). Here I will 
give a closer presentation of these butterflies. 
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Polygonia 

 
Polygonia, a genus within the Nymphalidae, is the subject of Papers I, II and III. The genus 
generally is considered to include five Palearctic species (P. c-album, P. c-aureum, P. egea, 
P. gigantea and P. interposita), seven species in North America (P. comma, P. faunus, P. 
gracilis, P. interrogationis, P. oreas, P. progne and P. satyrus) (Opler & Warren, 2002) and 
two species in Mexico (P. g-argenteum and P. haroldii). Although a few phylogenetic 
analysis have been made (Nylin, et al., 2001; Wahlberg, et al., 2005; Wahlberg & Nylin, 
2003) species status of some of the taxa is still uncertain. In Nylin et al. (2001) and Wahlberg 
& Nylin (2003) the phylogenies were constructed based on both morphological and molecular 
data (mtDNA and nDNA, total of 1074 and 2926 basepairs respectively) whereas the study in 
Wahlberg et al. (2005) was based on molecular data only (mtDNA and nDNA, total 2930 
basepairs).  

 
The species generally called Kaniska canace is sometimes considered to belong in the genus 
Polygonia. In the phylogenies where morphological characters were included K. canace 
grouped together with Polygonia (Nylin, et al., 2001; Wahlberg & Nylin, 2003) but in the 
phylogenies which have been based on molecular markers K. canace is instead basal in the 
Nymphalis clade, which is the sister clade to Polygonia (Wahlberg, et al., 2005). Another 
controversery is P.  interposita that sometimes has been treated as a subspecies of P. c-album 
(e.g. Gorbunov, 2001) and sometimes as a species (e.g. Churkin, 2003; Tuzov, et al., 2000). 
The range of P. interposita is probably not within the range of P. c-album (see Churkin, 
2003). Polygonia c-album occur in the forest belt of the Palearctic region whereas P. 
interposita has been found in the mountain areas, possibly from Ghissar to Altai. Several 
individuals that were sent to us turned out instead to be P. undina, which also occur in these 
mountain areas (Tuzov, et al., 2000). The latter species has been treated as a subspecies of P. 
egea but our results in paper I strongly suggest that P. undina should have species status. The 
species status of P. gracilis zephyrus has also been unclear. Polygonia gracilis is distributed 
in the eastern part of southern Canada and the north eastern US and P. g. zephyrus is a more 
western taxon. In these two outermost areas the species are morphologically distinguishable 
but in the area in between, intermediate phenotypes are flying (N. Kondla pers. comm.). In 
Layberry et al. (1998) P. g. zephyrus is treated as a subspecies to P. gracilis while in Guppy 
and Shepard (2001) they are treated as two separate species. These two taxa could be an 
example of incipient speciation due to divergent selection in allopatry or it could be an 
example of secondary contact after divergence in allopatry. In order to catch any genetic 
differences between these taxa we have provisionally designated them as separate species. 
Last, P. oreas was earlier considered a subspecies of P. progne (Scott, 1986),  but Wahlberg 
et al. (2005) found it to be more closely related to P. gracilis. A phylogenetic analysis 
including all, currently recognized, species has not been performed earlier.  
 
The ancestral species of Polygonia was most probably Palaearctic and the Nearctic was 
colonized in two separate events (Wahlberg, et al., 2005). There are species (P. c-album and 
P. faunus) which are are feeding on a variety of host plants from different plant families (see 
Table I in Paper I ) as well as species (P. c-aureum, P. egea, P. comma and P. interrogationis) 
which are restricted to plants from the urticalean rosid clade (e.g. Urticaceae, Ulmaceae and 
Cannabaceae (Chase, et al., 1993; Soltis, et al., 2000; Sytsma, et al., 2002). There are also 
species (P. gracilis and P. zephyrus) that use plants from the families Grossulariaceae and 
Ericaceae but not the urticalean rosids. The use of urticalean rosids seems to be ancestral 
within the Nymphalini butterfly group (Janz & Nylin, 1998), probably also for the subfamily 
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Nymphalinae (Nylin & Wahlberg, 2008). One of the ”true” polyphagous species is the comma 
butterfly, P. c-album, a model organism in studies of interactions between butterflies and host 
plants (Janz & Nylin, 1997; Janz & Nylin, 1998; Nylin, 1988), phenotypic plasticity in life-
history traits (Nylin, 1992; Wiklund, et al., 1992), and effects of higher temperature on host 
plant use and distribution (Braschler & Hill, 2007; Bryant, et al., 2002).  
 

Pararge 
 

The genus Pararge, also belonging to Nymphalidae, is the focus in Paper IV. Pararge 
belongs to the species rich subfamily Satyrinae, including approximately 2500 species, where 
the majority feed on the grass family Poaceae. The radiation of the Satyrini (tribe within the 
Satyrine that feed on Poaceae) appears to be correlated with the spread of grass and hence the 
evolution of the ability to feed on grass seems to have been involved in the diversification in 
this  butterfly group (Peña & Wahlberg, 2008). Grass is a widespread resource and will 
possibly enhance establishment in new areas. Three species within Pararge are recognized: P. 
aegeria, P. xiphia and P. xiphioides. The speckled wood butterfly, P.  aegeria, is widespread 
from the southern slopes of the Atlas mountains in North Africa, throughout Europe up to 
64°N and eastwards to Turkey, Israel, Syria, Transcaucasus and Urals. Since 1976 it has also 
been recorded from Madeira and is now well established there (Owen, et al., 1986). Two 
subspecies are described, P. a. aegeria and P. a. tircis, distributed in southern and northern 
Europe respectively. They are distinguished by the ground colour which is orange in P. a. 
aegeria but more brownish in P. a. tircis (Tolman & Lewington, 1997). In France there is a 
zone of intermediate forms which also occur in south west Britain, Greece and the island 
Samos (Tolman & Lewington, 1997). Pararge aegeria has been frequently used in studies of 
behaviour and territorial defense (Bergman, et al., 2007; Davies, 1978; Jones, 1992; Kemp, et 
al., 2006a; Kemp, et al., 2006b; Shreeve, 1984; Shreeve, 1987; Wickman & Wiklund, 1983), 
life history traits (Berger, et al., 2008; Gotthard, et al., 2007; Gotthard, et al., 1994; Gotthard, 
et al., 2000; Karlsson & Van Dyck, 2005; Sibly, et al., 1997; Stevens, 2004; Van Dyck, et al., 
1997; van Dyck & Wiklund, 2002), habitat finding in fragmented areas (Merckx & Van Dyck, 
2007) and the impact of climate change on species distribution (Hill, et al., 2006; Hill, et al., 
1999). Pararge xiphia is endemic to Madeira and P. xiphioides occurs on four of the Canary 
islands (Gran Canaria, Teneriffe, La Gomera and La Palma). The three species have, most 
probably, diversified in an allopatric process. The phylogenetic relationships of the genus had 
not been studied earlier.  
 

Celastrina 
 

In Paper III, we have also studied the genus Celastrina within the family Lycaenidae. This 
genus include approximately 25 described species in the Palaearctic and Nearctic regions as 
well as in Mexico and Central America. This is not a well studied group and the exact number 
of species is uncertain. There are nine described species in the Nearctic (Pelham, 2008). In the 
eastern portion of the continent, ladon is distributed from New England to northern Florida, 
neglecta from southeastern Canada to Florida and west to Colorado and Montana, nigra and 
neglectamajor in the Appalachian and Ozarks regions, idella along the Atlantic coast from 
New Jersey to Georgia (Wright & Pavulaan, 1999), and serotina in New England (Pavulaan 
& Wright, 2005). In the western portion of the continent, echo is found from British Columbia 
to Baja California and east to Colorado, and humulus from Colorado to Montana. Celastrina 
lucia is the most polymorphic species and is found in the northern region of the United states 
and throughout Canada to the arctic. In several regions two to three species occur in sympatry 
or parapatry. In many cases, these species are morphologically very distinct (e.g., ladon and 
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nigra in the Appalachian Mountains in which ladon is blue but nigra is dark brown) and also 
differ in host plant choice.  

 
The genus as a whole utilizes a broad range of host plants (Ranunculaceae, Rosaceae, 
Fabaceae, Ericaceae, Caprifoliaceae, Oleaceae, Cannabaceae, Betulaceae, Cornaceae, 
Rhamnaceae and Anacardiaceae) and includes highly polyphagous species, such as the 
Palearctic C. argiolus. However, there are also several Nearctic species which are 
monophagous. Celastrina nigra uses Goat's beard Aruncus dioicus, C. neglectamajor uses 
bugbane Cimicifuga racemosa, and C. idella uses hollies (Ilex), and possibly Itea virginica. 
Many but not all Celastrina larvae feed on flowering parts of herbs and scrubs, but for 
example, C. nigra feeds on the leaves of Goat´s beard and C. serotina frequently uses mite-
induced cherry leaf galls. The Nearctic Celastrina species can be found in diverse habitats 
such as woodlands, mountain regions and deserts. 
 

GENES AND METHODS 
 

Genes 
 
Mitochondrial markers are widely used in phylogenetic studies due to several characteristics. 
They are easy to amplify and there is almost a lack of recombination (at least in animals). 
Mitochondrial genes are haploid and are inherited from mother to offspring whereas nDNA, 
which is diploid, is inherited from mother and father. Thus the effective population size Ne for 
mtDNA is one forth of autosomal genes (Avise, 1994). This will generally lead to alleles 
being fixed by drift more rapidly in the mtDNA compared to autosomes (Moore, 1995), 
although in populations with strong sexual selection the rate of drift will be higher in 
autosomes (Ballard & Whitlock, 2004). However, the mitochondrial genome is inherited as 
one linked gene and different parts of this genome should generally be considered not 
independent as the whole molecule has the same genealogy. Gene trees are not species trees 
(Maddison, 1997) and information from other genes are needed to reconstruct species history 
more correctly (Maddison, 1997), at least at inter-species levels.  

 
In Paper I, III and IV the mtDNA cytochrome oxidase I (COI) was used. For Paper I 
sequences of mtDNA NADH dehydrogenase 1 (ND1) was included. We have also used 
nuclear DNA (nDNA). For Paper IV we used wingless (wgl) and for Paper I the additional 
genes Elongation factor-1 alpha (EF1-α), Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and ribosomal protein S5 (RpS5) were used.  

 
Why does different genes give different trees? ”[P]hylogenetic history is in more than one 
place at once; it is a composite of all the varied histories of all the genes, some of which might 
place species A next to B, others might place A next to C, etc. Just as an electron can be 
depicted as a cloud, we might want to view phylogeny as a diffuse cloud of gene histories” 
(Maddison, 1997 p. 533). A phylogeny based on sequences is just a glance at a specific 
moment in the genes history. Every gene has its own history, genealogy, due to drift and 
selection. For some genes not enough time has passed since the populations started to diverge 
to sort out the polymorphism that exist. For another gene there might have been occasions of 
hybridization between two populations in which the gene has been transferred between the 
populations and thus obscure the real divergence between them. Genes involved with 
speciation, in which there is strong selection, should be more differentiated between species 
than autosomes (Ting, et al., 2000) as ”speciation genes” are, potenitially, less affected by 
shared polymorphism or introgression.   
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Analyses 
 
A phylogeny is a reconstruction of the evolutionary relationships among taxa (families, 
genera, species or populations). It is often constructed as a tree with branches representing 
time or mutations since two taxa diverged, and nodes representing a common ancestor. The 
phylogeny could be constructed by analyzing morphological characters or molecular sequence 
data. There are several schools of how to analyse the evolution, all with their pros and cons. 
The most common methods are Maximum Parsimony (MP), Maximum Likelihood (ML) and 
Bayesian Inference (BI).  

 
In Paper I, II and IV we used a MP method to obtain a hypothesis of the evolution. In MP 
analyses it is assumed that evolution has occurred in a way that minimizes the amount of 
character changes. For evolutionary tree construction this implies that the tree with least 
changes in character states, the minimum-length trees, is the one preferred. Finding the 
shortest tree is often done by a heuristic search in which trees are built by adding taxa in a 
random order by stepwise addition. Then parts of the tree are broken and rearrangements are 
done in order to see if this leads to a shorter tree. This process is repeated as many times as 
needed and the shortest trees are kept. This method will not try all possible tree combinations 
as this would take an excessive amount of time. To evaluate the strength of the hypothesis 
(the tree), support values can be calculated. With Bootstrap support values (Felsenstein, 
1985a) (which was used in Paper IV) characters are sampled and a new matrix is constructed 
with the same amount of taxa and characters but in which some characters may have been 
sampled several times while others may not be included. This is replicated several times 
(Felsenstein, 2004). If a branch gets a support value of 50 then that group (leading from the 
particular branch) has been recovered in 50% of the replicates. For Paper I and IV we also 
used Bremer Support (BS) values (Bremer, 1988; Bremer, 1994). This is an index value and it 
shows how many more changes are needed to collapse a particular node. A low value will in 
this case signify low support for a clade. In datasets that include several different genes it is 
possible to evaluate how much each gene contributes to the support of each node. This is done 
using Partion Bremer support (PBS) values (Baker & DeSalle, 1997; Gatesy, et al., 1999). 
The MP method is simple and easy to use but has some drawbacks. There is a risk that the 
method underestimates the amount of changes. For example, in comparing two taxa (species 1 
and 2), an A at position 10, could either be due to a common ancestor with that character in 
that position (0 changes) or, it could be due to that species 1 had an A which was substituted 
by a T and then back to an A (2 changes). In rapidly evolving lineages, this could result in that 
long branches are interpreted as closely related, although in reality they are not. In order to 
take into consideration that two identical basepairs are not necessarly the same (homologous) 
some kind of model of molecular evolution is needed.  

 
In Bayesian analysis the aim is to calculate the posterior distribution, that is the probability of 
a hypothesis given the data (the sequences) or more straightforwardly, that the tree is correct. 
To do this, some parameters of substitution model and nucleotide frequencies must be set. A 
plausible tree with tree lengths is also needed as well as a prior distribution. In order to 
calculate the probability a Markov Chain Monte Carlo (MCMC) method has been 
implemented in many programs. In this method samples are drawn randomly from the 
posterior distribution of hypotheses and from these samples, which are the trees, the 
probabilities of the nodes are calculated (Felsenstein, 2004). With Bayesian MCMC it is 
possible to find new optimal trees via less optimal trees in the tree space. This method was 
used in Paper I and IV when calculating the time of divergence between the taxa.   
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Instead of visualizing the relationships among individuals in a tree fashion way, it could be 
constructed as a network (Posada & Crandall, 2001). This approach was used in Paper I and 
III in order to get a better understanding of unresolved groups. A haplotype network will 
show if all the unresolved haplotypes in a tree is due to the fact that they are identical or due 
to ambiguous changes caused by homoplasies or recombinations.  

 
Dating phylogenies 

 
In Paper I and IV times of divergence between lineages were estimated. Dating  phylogenies 
could be performed either with  the substitution rate held constant over time or with rates that 
vary independently among the lineages. The program BEAST v1.4.6 (Drummond & 
Rambaut, 2007) was used in Paper I. This program, which is a Bayesian method, estimates a 
tree and times of divergences at the same time. We used a model with a relaxed clock in 
which rates among lineages are permitted to vary in an autocorrelated manner (Drummond, et 
al., 2006). This can be done in a way so that the evolutionary rate continuously change along 
the branch (Drummond, et al., 2006). For  Paper IV the times of divergence were analysed 
with the program R8s (Sanderson, 2004). In estimating times of divergencies a topology with 
branch lengths is required. We used a MP tree and the branch lengths were estimated with a 
model in a maximum likelihood framework, both with clock-like substitution rate and with 
rates that could vary between lineages (Sanderson, 1997), although with the constraints that 
the rate could vary too much across the phylogeny (Sanderson, 2002).  
 
For calibration of nodes fossil records or ages of vicariant events can be used. These ages will 
constrain the time limits and can either indicate the maximum or the minimum age of a clade. 
Dating nodes is complicated by the fact that any error in where on a branch the calibration 
point is set, will be magnified through the phylogenetic tree as branches are scaled to the 
calibration point (Baldwin & Sanderson, 1998).Thus, all ages should be interpreted with care. 
Fossil records of butterflies are scarce. However, several fossils exist that are close relatives 
to extant species within the subfamily Nymphalinae (Wahlberg, 2006). The ages of these 
fossils, e. g. species belonging to the genera Vanessa and Hypanartia, were used to calibrate 
the phylogeny of Nymphalinae (Wahlberg, 2006). The estimated age of the split between 
Aglais and Nymphalis-Polygonia was used in Paper I to root the tree. For Paper IV we 
employed a geographic event to calibrate the phylogeny. The age of the youngest colonized 
Canary Island, La Palma, dated to be 2 million years old was used to calibrate the split 
between Pararge xiphioides population on that island and the sister population on another 
island.  
 

Mismatch distribution 
 
Expansions in populations size, due to spatial (Excoffier, 2004; Ray, et al., 2003) or 
demographic expansions (Excoffier, 2004; Rogers, 1995; Rogers & Harpending, 1992), could 
be detected by analysing the frequencies of pairwise differences, a mismatch distribution 
(Rogers & Harpending, 1992; Slatkin & Hudson, 1991). If the population has experienced 
long term demographic stability the distribution will be multimodal and ragged (Rogers & 
Harpending, 1992), whereas a population that has experienced a sudden expansion will have a 
unimodal wavelike mismatch distribution (Slatkin & Hudson, 1991). The time of the observed 
expansion can be calculated from the equation τ = 2µt (Rogers, 1995), where µ is the 
mutation rate for the sequence and t is the time since expansion. We have used this method in 
Paper III . 
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Sister taxa comparisons 
 

One of the difficulties in interpreting anything about a speciation event is to distinguish 
between the differences at the initial state of speciation and those added by post speciational 
evolution (Berlocher, 1998). Phylogenies are essential when we would like to compare 
species richness or find out which factors that could have been important at the speciation 
event. Generalizations about a pattern can however only be made when several cases of sister 
taxa are compared. There are several advantages with sister taxa comparisons. Sister taxa are 
by definition of equal age, they share an ancestor not shared by any member of another pair, 
thus shared evolution will eliminate some potential ”noise”, and the contrast between two 
sister groups can be assumed to be independent (Felsenstein, 1985b). However, sister group 
comparision cannot tell us about the direction of speciation rate change, that is, if a more 
diverse sister group is due to a net rate increase in this clade or rate decrease in the sisterclade 
(Sanderson & Donoghue, 1996). More complete phylogenetic information on related clades is 
necessary to resolve such issues. In Paper II we used sister taxa comparisons to see if host 
plant range affect species diversity in Polygonia. 

 

PAPERS IN SHORT 
 
I. Timing major conflict between mitochondrial and nuclear genes in species relationships of 

Polygonia butterflies (Nymphalidae: Nymphalini) 
   
A phylogeny is needed in order to know the relationships between species within a genus or 
between genera in a family and this ”pattern of relationships” can be used to apply 
evolutionary questions such as character state evolution, biogeography and evolution of host 
plant use etc. In this paper we made a phylogenetic analysis, with datings, of the genera 
Polygonia. In earlier analyses (Wahlberg & Nylin, 2003) it was noted that some positions 
have been incongruent between the mtDNA and nDNA datasets. Such conflicts have been 
found in several recent papers (Bachtrog, et al., 2006; Bull, et al., 2006; Chan & Levin, 2005; 
Kronforst, et al., 2006; Linnen & Farrell, 2007; McCracken & Sorenson, 2005; Sota, 2002; 
Sota & Vogler, 2001). In those studies the conflicts have been explained by hybridization 
(ancient or recent) (Bachtrog, et al., 2006; Bull, et al., 2006; Chan & Levin, 2005; Kronforst, 
et al., 2006; Linnen & Farrell, 2007; Sota, 2002), or incomplete lineage sorting (McCracken 
& Sorenson, 2005). By adding more nDNA and analysing these and mtDNA as separate 
genomes we intended to get more information about the incongruence in our study organism. 
Our phylogeny was also the first in which all recent known species are included, as well as 
several subspecies. Three taxa P. interposita, P. gigantea and P. g-argenteum have, to our 
knowledge, never before been analysed.  
 
The phylogenetic results was mainly in accordance with (Wahlberg, et al., 2005) in which 
morphological characters were not included. Out of fourteen nodes ten showed incongruence 
between the mtDNA and nDNA genomes. In the mtDNA dataset most species were 
monophyletic (the deviations were P. interpostia which was nested in P. c-album, P. g-
argenteum which was nested within P. comma and the most apical clade with P. gracilis, P. 
zephyrus and P. oreas which was unresolved). However, few species were monophyletic in 
the nDNA datasets. We believe that this was due to ancient polymorphism which have yet not 
been sorted out, but also due to recent or ongoing gene flow. The position of K. canace was 
still uncertain. Based on our results K. canace should not be included in Polygonia as it 
grouped together with Nymphalis (in both mtDNA and nDNA). As this branch was long and it 
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still tended to move around (when morphological characters are added see Nylin, et al., 2001; 
Wahlberg & Nylin, 2003) we believe it should still be kept in a separate genus. The host plant 
use in Kaniska is differing as it is considered a specialist on Smilax (Smilaceae), which is not 
used by any of the other species within Nymphalis and Polygonia. The genus Polygonia 
(without K. canace) was estimated to have split from Nymphalis for 21 million years ago 
(95% credibility interval of 13-29 million years ago) and began to diversify, with regard to 
extant species, 18 million years ago (95% credibility interval of 10-25 million years ago). 
Polygonia. e. undina was clearly differentiated from P. egea for all genes and should be 
considered as a species on its own. The most apical clade could not be resolved. Included was 
P. oreas which earlier was considered a subspecies to P. progne (Scott, 1984; Scott, 1986). 
This relationship could not be detected in the phylogeny, instead P. oreas grouped together 
with P. gracilis and P. zephyrus (and with P. progne in the RpS5 dataset). The latter two taxa 
are probably conspecific but in order to find details a more thorough study is needed. 
According to the records, P. gracilis is a specialist on Grossulariaceae whereas P. zephyrus 
uses Grossulariaceae and Ericaceae. It is interesting to note that this clade, which also 
includes P. progne and P. haroldii, has probably shifted hosts to these latter plant families. 
Host plant for P. haroldii is unconfirmed but possibly Ribes, Grossulariaceae (Krogen, 2000). 
The incongruence between the datasets regarding the position of P. satyrus could be due to an 
ancient introgression event. In the nDNA dataset P. satyrus was more related to P. 
interrogationis, P. comma and P. g-argenteum, whereas in mtDNA it was closer to the clade 
including P. gracilis and P. oreas. Morphologically, P. satyrus and P. comma are similar and 
their larvae make similar nests out of altered host plant leaves (Scott, 1986). They use host 
plants from the urticalean rosids, which is also used by P. interrogationis. The host plant of P. 
g-argenteum is unknown. These similarities support the evolutionary relationship along with 
the nDNA phylogeny. The distribution of P. satyrus is sympatric with P. gracilis (+ P. 
zephyrus) and we believe that an ancient introgression event can be the cause of the pattern 
seen in the mtDNA. If so, then this shows an example where mtDNA has crossed species 
barriers in a species where females are the heterogametic phase, despite Haldane's rule.  

II. Dynamics of host plant use and species diversity in Polygonia butterflies (Nymphalidae) 
 

In this paper we applied the theory of the oscillation hypothesis (Janz & Nylin, 2008; Janz, et 
al., 2006; Nylin & Janz, 2008) on a phylogeny of the genus Polygonia.  In this theory it is 
suggested that the phase of a broad host plant range could enhance establishment in new areas 
and thus more opportunities for diversification by allopatry. If this is so, then there should be 
an asymmetric pattern in the phylogeny where clades including species with a broadened host 
plant range should be more species-rich than the sister clade including only specialists on 
ancestral host plants. 

 
The main purpose of this paper was to find out if there were any differences in number of 
species between clades including species that utilize the ancestral host plants, the ”urticalean 
rosids”, compared to their sister clade, including species with a broadened host plants 
repertoire or species that have shifted to novel plants. At the time this paper was produced we 
did not have access to P. gigantea, P. interposita, P. e. undina or P. g-argenteum which we 
have today. The comparisons were made on a preliminary phylogeny based on mtDNA COI 
as well as nDNA EF1-α and wgl. However, the results in Paper I will not change our 
conclusion in this paper. We searched for clades with ”urticalean rosids” specialists and 
compared species number with their sister clade. The latter clade sometimes included other 
”urticalean rosids” specialists, which were used in another comparisons, hence the contrasts 
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were not phylogenetically or statistically independent. The comparisons were done by hand. 
No statistics could be done as the dataset was too small.  
 
In the preferred tree, four comparisons were found, all showed that species that use other or 
additional host plants than the ancestral urticalean rosids, are more species-rich than their 
sister clades that exlusively use the ancestral host plants. However, there are two 
interpretations for the host plant evolution in our phylogeny (Fig. 3). If we consider the 
butterflies using the ancestral host plants, the urticalean rosids, as being specialists, then the 
most parsimonious explanation must be that host plant range have been broadened at two 
occasions (in the ancestor of P. faunus+P. c-album and in the ancestor of P. haroldii+P. 
progne+P.oreas+P. zephyrus+P. gracilis). However, if we have a look outside the Polygonia 
butterflies we find that the closest relative, the genus Nymphalis, beside the ”urticalean 
rosids” also use some of the plant families (e.g Betulaceae and Salicacea) that reappear in the 
clade P. faunus+P. c-album and P. progne+P. haroldii+P. gracilis+P. oreas+P. zephyrus. 
Also, the plant families Grossulariaceae and Ericaceae are important parts of the repertoire for 
both of the clades within Polygonia that have broadened their host plant range. If this 
indicates that host plant use is a plastic trait, then the interpretation of the phylogeny must be 
that the first broadening of host plant range actually happened in the common ancestor of 
Polygonia and Nymphalis, followed by respecializations back to the ”urticalean rosids” 
several times as well as further broadening of the range on an early Polygonia node. This 
ability to rapidly broaden the host plant range could have enhanced colonization of new areas 
as well as the persistence in old areas under change. 
 
Even if the comparisons of species richness are too few to be reliable, our results show a 
pattern that we must take into consideration. In no case we found the opposite pattern. The 
phylogeny of Polygonia shows that there have been two colonization events to the Nearctic 
region. In one case, the clade P. interrogationis+P. comma+P. satyrus+P. haroldi+P. 
progne+P. oreas+P. gracilis+P. zephyrus, net diversification rate seems to have accelerated. 
We cannot decide if the Nearctic was colonized by an ”urticalean rosids” specialist or a 
polyphagous population.  

 
III. Can diversity of host use drive the diversification of phytophagous insects? 

Phylogeography of three butterfly taxa with wide host plant ranges (Lepidoptera: Lycaenidae 
and Nymphalidae) 

 
In this paper we compared the haplotype structure in COI (mtDNA) of Polygonia c-album, P. 
faunus and the Nearctic Celastrina species. All are able to use several different species as 
larval host plants. The ability to use different plants as food, as well as the ability to use both 
herbs and trees, as in the case of Polygonia, would be an advantage in a new area where 
climate and local habitat might be different from the original area of distribution. An 
expansion phase, spatial or demographic, can be detected by molecular and phylogeographical 
methods. However, an expansion phase is not evidence that the use of different host plants per 
se is the explanation. Monophagous butterfly species might also show an expansion phase 
given that the one host plant is distributed and suitable as a food plant in the area of 
expansion. A recent expansion would however indicate a good ability to colonize new areas 
and host plant is then, most probably, one important characteristic. Our aim is to determine if 
the observed patterns of haplotype structure are consistent with the idea that oscillations in 
host plant range have acted as a driver of diversification in phytophagous insects. Besides that 
these butterflies are distributed in different continents (Celastrina and P. faunus in the 
Nearctic versus P. c-album in the Palearctic), this study also offer example of sedentary 
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(Celastrina) versus more mobile (P. c-album and P. faunus) butterfly species as well as 
flower feeders (Celastrina), and thus constrained in flowering time, versus tree feeders (P. c-
album). 

 
Polygonia c-album and P. faunus are the two most polyphagous species in the genus 
Polygonia, using host plants from seven different plant families (Paper II). They are closely 
related (Paper I), but distributed on different continents. Thus, although of equal age (see 
Paper I regarding the position of P. interposita) and similar feeding abilities, the history of 
their distribution areas could have shaped the butterfly species history in different ways.  

 
In order to establish that all the Nearctic Celastrina species have evolved from the same 
lineage we first constructed a phylogeny based on mtDNA COI.  The Palaearctic species C. 
argiolus and C. ladonides were also included.  Celastrina argiolus  is a widespread species in 
Europe and North Africa and considered to be closely related to the Nearctic species. Our 
phylogeny showed that all Nearctic species have evolved from the same ancestor but the 
whole clade is unresolved, thus we cannot draw any conclusion about the interspecific 
relationships within the clade.  

 
The haplotype structure of the mtDNA COI indicated recent and rapid expansion for the 
Nearctic Celastrina species and the Palearctic P. c-album. Both these species are distributed 
over a large area the nucleotide diversity was in both cases lower than for P. faunus. The 
haplotype network for P. faunus showed several central haplotypes, indicating that different 
populations survived in isolation during glaciations. The Palaearctic P. c-album was probably 
more affected by the last glaciations than P. faunus. While P. c-album probably was extinct in 
most areas in Europe and Siberia during the last glaciations, several populations of P. faunus 
possibly survived in different refugia in North America. Other studies have found that the 
Rocky Mountains have been an important refugium region during cold periods (DeChaine & 
Martin, 2005a; DeChaine & Martin, 2005b). 
 
According to our results, the Nearctic Celastrina species have expanded throughout North 
America during the last 14 -39000 years ago, and diversified into 9 proposed species. There is 
little variation in the mtDNA, with 68% of the individuals having the same haplotype. 
However, in two cases the haplotypes are shared between two sympatric species with 
different host plant use. The first case is the sympatric C. nigra, which is brown, and C. 
ladon, which is blue. C. ladon is distributed from New England to Florida and the larvae feed 
on Cornus (Cornaceae), Prunus (Rosaceae) and Viburnum (Caprifoliaceae). Celastrina nigra 
on the other hand has a distribution limited to the Appalachian and Ozarks regions, and the 
larvae feed on the leaves of of goatsbeard Aruncus dioicus (Rosaceae). The second case is C. 
lucia, distributed in the northern region of the United states and throughout Canada to the 
Arctic, and C. idella, distributed along the Atlantic coast from New Jersey to Georgia (Wright 
& Pavulaan, 1999). Celastrina lucia has larvae that are polyphagous although this sympatric 
population prefers Vaccinium (Ericaceae) while the larvae of C. idella feed on the flowers of 
the holly Ilex (Aquifoliaceae). Diversification could potentially be a consequence of divergent 
selection in host plant use for sympatric populations, or it could  be the consequence of two 
formerly allopatric populations in which one population has specialized on a host plant. In the 
latter scenario the sympatric distribution today is due to secondary contact between species. 
More studies are needed to draw any conclusions about speciation in the group. Our results 
imply that the radiation has been recent, and probably occurred during the final stages of the 
Late Pleistocene or the early Holocene. Thus, the result could either be due to a founder event 
during a Late Pleistocene colonisation of the Nearctic via the Bering land bridge, or from 
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post-glacial expansion from a single refugium. If this result has bearing upon reality, then this 
species complex is one of the fastest examples of adaptive radiation.  
  
Polygonia c-album seems to have radiated from a single refugium during the last 8000-36000 
years. Although they are polyphagous, the populations in England and Spain are more 
specialized than populations from Sweden and Norway (Nylin, et al., 2008). Radiation from a 
southern refuge would likely favour individuals that have a strategy of being more general in 
host plant use compared with specialists. A reasonable conclusion is that the northern 
populations are more recent than the southern populations, which in that case have had more 
time for local adaptations. However, a more important factor might be latitudinal adaptations. 
Several studies have shown that univoltine Swedish and Norwegian populations of P. c-album 
prefer host plants other than urticalean rosids to a greater extent than populations from 
England, which are bivoltine, and Spain, which are trivoltine (Nygren, et al., 2006; Nylin, 
1988; Nylin, et al., 2000 ). The time stress for butterflies in areas where there can be two 
generations per year might select for females to oviposit on plants that yield short 
development times (Janz, et al., 1994; Nylin, 1988; Scriber & Lederhouse, 1992).  
 

IV. Speciation in Pararge (Satyrinae: Nymphalidae) butterflies – North Africa is the source of 
ancestral populations of all Pararge species 

 
Speciation in Pararge has, most probably, been an allopatric process (P. xiphia and P. 
xiphioides, are endemic to islands). Our aim was to find out if the island species have been 
colonized from the European mainland or North Africa and when these colonizations 
occurred. Further, we wanted to find out if there is molecular support for the two subspecies 
in P. aegeria. We analysed molecular sequence data from the COI (mtDNA) and wingless 
(nDNA). In order to get an estimate of the age of the clades the nodes were dated. We used 
the age of the La Palma, which is the youngest Canary Island inhabited by P. xiphioides, to 
calibrate the phylogenetic tree.  

 
Pararge forms a strongly supported monophyletic group were all three species are recognized 
as monophyletic. Pararge xiphia seems to have diverged first from the common ancestor. 
According to our analysis the age of the split between P. xiphia and the ancestor of P. 
aegeria+P. xiphioides is estimated to 5 million years. Pararge xiphioides and P. aegeria are 
sister species and diverged about 3 million years ago. The two subspecies P. a. tircis and P. a. 
aegeria were not distinguishable based on DNA haplotypes, instead our data clearly 
distinguish between the European specimens and those from North Africa. This split seems to 
have occurred about 1 million years ago.  

 
The population of P. aegeria on Madeira had North African haplotypes and thus originate 
from there rather than Europe. Pararge xiphioides on the Canary Islands, probably have an 
African origin, as these areas are relatively close. Our result indicate that the colonization of 
the Canary Islands has been rapid and occurred from older to younger island or, from west to 
east. However, haplotypes from Gran Canaria are needed and could potentially shed some 
light on this scenario.  

 
We hypothesized that the Mediterranean Sea forms a strong barrier to dispersal for Pararge 
butterflies, and has done so for at least the past 1 million years. We suggest, based on the 
results from the Pararge  phylogeny, that the ancestor of the genus colonized North Africa 
from the Palearctic when the Mediterranean Sea was desiccated (5.57-4.93 million years ago). 
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The populations in Europe might well have been extinct during cold periods, but recolonized 
from North Africa less than 1 million years ago. We suggest that the Mediterranean has been, 
and still is, a barrier to gene flow, although the distance between the continents is only 14 km 
at the Strait of Gibraltar (Dobson & Wright, 2000). We have not been able to sequence genes 
from individuals distributed in the south of Spain, thus we can at this point not conclude that 
the barrier is the Mediterranean and not in fact in Spain. Although butterflies are flying 
organisms and ”should” be able to cross the Mediterranean, the same pattern has also been 
found in the Nyphalidae butterflies Melitaea cinxia (Wahlberg & Saccheri, 2007), in various 
species of Coenonympha (Kodandaramaiah & Wahlberg, accepted pending revision) and 
Melanargia galathea (Habel, et al., 2008). However, in the latter case, colonization from 
North Africa to Europe seem to have been a much later event.  
  
The ability to feed on grass might have been a factor enhancing the colonization of the 
Atlantic islands. Of the ten endemic butterfly species of Canary Islands five are satyrines and 
one is a hesperid also feeding on grass. The, probably late, colonization of P. aegeria in 
Madeira and successful establishment might also indicate good ability to settle down. 
However, if this is due to the grass feeding ability or not, we cannot conclude.  
 

CONCLUSION 
 

This thesis has aimed at getting a deeper understanding of the relationship between host plant 
use and speciation in the butterfly genera Polygonia, Pararge and Celastrina. This work is a 
framework in which further studies can be performed. 
  
The main focus have been on the influence of host plant range and speciation. This work has 
also given support to the oscillation hypothesis in that host plant range is important in the 
speciation process. Broadening the host plant range by adding host plants to the repertoire 
seems to be involved with higher net diversification rate in Polygonia. However, it does not 
need to be the host plant per se that enhance diversification. It could as well be that the 
potential to disperse, colonize and get established in new areas will be larger if a species or 
population is able to expand its host plant range. The evolution of the temperate biota has 
been influenced by the climatic changes during the last million years (Hewitt, 2004). Being 
able to use several different host plants will likely also improve the chances to survive during 
unfavourable conditions. In such situations, the possibilities to survive are to a large extent 
dependent on the biogeographic conditions, such as the availability of refugia and the 
possibilities to migrate. The Nearctic Celastrina species offer a good oppertunity to study 
local adaptation in host plant use, as well as other ecological factors, in recently diverged 
polyphagous butterflies. The sympatric populations of C. idella and C. lucia in New Jersey 
could potentially be especially interesting in this respect.  
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