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1. INTRODUCTION

1.1 Host associations and
cryptic species in parasitoid
wasps

Parasitoids are insect species whose
larvae develop by feeding on the bod-
ies of other arthropods, usually insect
(Godfray, 1994). Parasitoids are abun-
dant and diverse insects that are present
in nearly all terrestrial ecosystems, and
it has been suggested that parasitoids
may constitute 20-25% of all insect
species (Godfray, 1994). Most parasi-
toids are either wasps (Hymenoptera) or
flies (Diptera) (Godfray, 1994). The hy-
menopteran parasitoids studied in this
thesis belong to the families Braconidae
and Ichneumonidae, in the superfami-
ly Ichneumonoidea. Braconidae in par-
ticular are mostly relatively host-spe-
cific, being adapted to attack and feed
as larvae on a narrow range of host spe-
cies. As they have such an intimate rela-
tionship with their host, they have been
widely used in biological control of in-
sect pests.

Parasitoids are categorised by devel-
opmental characteristics that directly or
indirectly influence certain ecological
parameters, such as the potential for a
wide host range. Koinobiont parasitoids
let their host continue to develop after
the female parasitoid has oviposited in-
to it, whereas idiobionts feed on corpses
or paralysed hosts. Koinobionts have an
intricate physiological relationship with
their host and consequently tend to have
relatively narrow host ranges (Haesel-
barth, 1979; Askew and Shaw, 1986),

while idiobionts have potentially broader
host ranges than koinobionts. However,
in practice many idiobionts are so niche-
specific that there is only a narrow range
of host species available to them.

It is typically difficult to judge
parasitoid host ranges based on literature
records (Shaw, 1994), because these
records are full of errors and because
closely related species (especially
koinobionts) can have quite a spread of
host ranges, from extreme specialists to
species that have much wider host ranges.
As far as is known, few parasitoids are
absolutely host specific (have a single
host species), though many parasitoid
species that have a fairly narrow host
range may be entirely host-specific
locally.

Cospeciation refers to joint specia-
tion (parallel cladogenesis) of unrelat-
ed taxa that are ecologically associated
(Page, 2003). Most studies of cospecia-
tion have been focused on host-parasite
complexies. Though host-parasitoid re-
lationships are exceedingly common in
nature, relatively few studies have in-
vestigated coevolution and cospeciation
in these interactions. For example, Stire-
mann and Singer (2003) studied host use
of parasitoid flies in the family Tachin-
idae. They found that host abundance,
gregariousness, food-plant type, and
morphology were all important determi-
nants of tachinid host use, but they found
little concordance between the phyloge-
netic relationships of the tachinid para-
sitoids and their hosts. A common view
among parasitoid taxonomists appears
to be that parallel cladogenesis has not
played an important role in parasitoid ra-
diations (Godfray, 1994), but certainly
molecular studies will be helpful in crit-
ically testing these questions.



1.2 Molecular markers in
studies of cryptic species

Molecular markers are increasing-
ly used in studies of insect population
structure, genetic divergence, and spe-
cies richness (e.g. Jager and Menken,
1994; Atanassova et al., 1998; Miiller
et al., 1999; Babcock and Heraty, 2000;
de Barro et al., 2000; Hoy et al., 2000;
Stone et al., 2001; Alvarez and Hoy,
2002; Chen et al., 2002; Abrahamson et
al.,2003; Rokas et al., 2003). Molecular
markers are often the only practical tools
to discriminate between morphological-
ly and ecologically very similar species,
which may be common in parasitoids.
Knowledge of possible cryptic species is
naturally essential for any ecological or
evolutionary study of the taxa, including
the study of their host associations but al-
s0, host-parasitoid community structure
and dynamics (Althoff and Thompson,
1999; van Nouhuys and Hanski, 2002b),
or the effect of local mate-competition
for the coexistence of species (Zhang
et al., 2004). When ecologically simi-
lar species coexist there is potential for
direct and indirect interactions among
them, including direct and apparent com-
petition that can affect the community
structure (Holt, 1977; Holt and Lawton,
1994; Bonsall and Hassell, 1997).
Several recent studies using molecu-
lar data have revealed unexpectedly great
host specificity, ecological diversity, and
the presence of cryptic species in para-
sitoids. For example, Hoy et al. (2000)
showed with conserved coding genes
(Actin 1 and 2) that the introduced para-
sitoids Ageniaspis imported into the US
from Australia and Taiwan were actual-
ly two cryptic species. In another study,
Jager and Menken (1994) used RAPD-

PCR to report presence of cryptic species
in the parasitoid wasp Ageniaspis fusci-
collis reared from different host species
from one locality in Europe.

Extensive molecular phyloge-
nies for various taxa have been used
to study the status of species in com-
plex species assemblages. For example,
Goémez et al. (2002) investigated the
species complex of passively dispers-
ing rotifer Brachionus plicatis (Rotifera:
Monogononta) by constructing phyloge-
nies based on mtDNA and nuclear genes.
They found several genetically divergent
lineages of which many were sympat-
ric, and they found no evidence for hy-
bridization or introgession, suggesting a
reproductive isolation between the line-
ages. These researches concluded based
on their own study and on other pub-
lished results that each of the lineages
represented a distinct biological species
or species group. In another phylogenet-
ic study, Sharpe et al. (2000) studied in-
tra- and interspecific molecular variation
in the minimus group of Anopheles (Dip-
tera: Culicidae) with mtDNA and nu-
clear genes. Based on their results, they
were able to confirm the presence of two
previously recognized cryptic species
and they found evidence for yet another
cryptic species.

More recently it has been shown
that microsatellite markers can be use-
ful in studies of closely related species
(Takezagi and Nei, 1996) and for testing
present or recent gene flow among popu-
lations. For example, Molbo et al. (2003)
used microsatellites and mtDNA to dem-
onstrate the coexistence of several unrec-
ognized cryptic fig wasp species. They
concluded that some cryptic species pairs
sharing the same host seemed to be sis-
ter taxa while others did not. They sug-
gested that existence of cryptic species



may be a common feature of fig wasps
worldwide. In another study using mic-
rosatellites, McCoy ef al. (2001) found
evidence of sympatric tick races infest-
ing different seabird host species. High
genetic variation was found among ticks
collected from different sympatric hosts
but little differentiation among ticks gath-
ered from the same host species. These
researchers concluded that host-related
selection pressure has led to specializa-
tion in this species and that host race for-
mation may be an important mechanism
for explaining the rich diversity in para-
sites in general.

1.3 Cotesia species attacking
checkerspot butterflies

The genus Cotesia (Hymenoptera:
Braconidae: Microgastrinae) is a
large group of primary parasitoids of
Lepidoptera, with about 1500-2000 spe-
cies wordwide (Mason, 1981). It is en-
tirely associated with Lepidopteran hosts
(Shaw and Huddleston, 1991), records
from other insects almost certainly be-
ing erroneous (M. Shaw, pers. comm.).
Many Cofesia species are important nat-
ural enemies of agricultural and forest-
ry pests, and several species have been
used as biocontrol agents. For example,
C. glomerata (Linnaeus) is a common
parasitoid of the Eurasian cabbage white
butterflies (Pieris).

The biology of the Cotesia species is
diverse and the taxonomy is controver-
sial with relatively recent usage of the
generic name Cofesia (Mason, 1981).
Previously the traditional name Apan-
teles Foerster, was used in the literature
(Mason, 1981). All Cotesia species are
koinobiont endoparasitoids, meaning
that their host continues to develop af-

ter the female parasitoid has oviposited
into it. Many Cotesia are specialist par-
asitoids and hence their population dy-
namics must be strongly coupled with
the dynamics of their hosts (Porter, 1981;
Lei and Hanski, 1997; van Nouhuys and
Hanski, 2004). The potential impact of
many Cotesia species on their host popu-
lations is unusually large, partly because
they may have several generations dur-
ing a single host generation, and because
they have large broods (clutches) when
parasitizing large (older) host larvae.

The Cotesia species parasitizing
checkerspot butterflies (Melitaeini) are
not known to parasitize any other spe-
cies of butterflies (van Nouhuys and
Hanski, 2004). Several species of Co-
tesia are key parasitoids of Melitaei-
ni in Eurasia and North America (van
Nouhuys and Hanski, 2004). There are
seven described species of Cotesia that
are known to parasitize Melitaeini. Co-
tesia acuminata (Reinhard), C. bignel-
lii (Marshall), C. cynthiae (Nixon), C.
lycophron (Nixon) and C. melitacarum
(Wilkinsson) occur in Europe and Asia,
and C. euphydryidis (Muesebeck) and C.
koebelei (Riley) occur in North America.
Some of these species are recorded from
a single host species throughout their
range, while others have been recorded
from several host species. The tradition-
al morphological treatment of European
Cotesia (as the Apanteles glomeratus-
group) by e.g. Nixon (1974) and Papp
(1986, 1987) strongly suggests that two
separate monophyletic clades are associ-
ated with Melitaeini. One of the clades
includes C. acuminata and C. bignellii,
and is morphologically isolated with re-
spect to other Cotesia, whereas the other
clade (C. melitacarum, C. cynthiae and
the enigmatic C. lycophron) is more sim-
ilar to some other Cofesia species.



1.4 The host butterflies

Melitaeini is a distinct group of butter-
flies in the family Nymphalidae, con-
sisting of ca 250 species widely distrib-
uted in the Holarctic and Neotropic re-
gions (Higgins, 1981; Wahlberg and
Zimmermann, 2000). Several Melitaeini
species may co-occur in the same hab-
itat (Murphy et al., 2004), for exam-
ple, in northern Spain, which has an ex-
ceptionally high diversity of butterflies
(Stefanescu et al., 2004), up to eight spe-
cies of Melitaeini may co-occur. Adults
of most Melitaeini species are relatively
sedentary and females usually lay eggs
in clusters.

Melitaeini larvae tend to live gregar-
iously in silken nests for at least the first
few instars and diapause during climatic
extremes (summer or winter; Kuussaari
et al., 2004). A single butterfly species
may use many plant species in several
genera over its geographic range, but lo-
cally larvae are generally restricted to
one or a few host plant species (Singer,
2004). Melitaeini have been widely used
in ecological and evolutionary studies
for more than four decades (e.g. Ehrlich
et al., 1975; Thomas and Singer, 1998;
Hanski, 1999; Ehrlich and Hanski, 2004).
There are records of egg, larval and pu-
pal parasitoids of Melitaeini, which in-
volve species from both Hymenoptera

and Diptera (van Nouhuys and Hanski,
2004). The interactions between sever-
al species of Melitaeini and their para-
sitoids have been studied in detail. For
example, host-parasitoid interactions in-
volving Euphydryas editha (Boisduval)
(White, 1973; Moore, 1989a,b) and E.
phaeton (Drury) (Stamp, 1981a,b, 1982)
have been studied in North America, and
E. aurinia (Rottemburg) (Ford and Ford,
1930; Porter, 1981, 1983; Eliasson and
Shaw, 2003), E. maturna (Linnacus)
(Eliasson and Shaw, 2003) and Melitaea
cinxia (Linnaeus) (Lei et al., 1997; van
Nouhuys and Hanski, 2004) have been
studied in Europe.

To date, most of the host-parasitoid
studies involving Melitaeini have been
conducted in areas where only one or a
few hosts co-occur (but see Eliasson and
Shaw, 2003). However, there are many
localities in southern Europe and Asia
where more than five Melitaeini spe-
cies may co-occur (e.g. Komonen, 1998;
Wabhlberg et al., 2001; Stefanescu et al.,
2004). In these communities there is the
potential for the population dynamics of
Melitaeini species to be linked with one
another through shared host plants and
shared parasitoids (van Nouhuys and
Hanski, 2005). The degree to which this
occurs may offer clues to the ecological
and evolutionary processes involved in
host specialization.



2. OVERVIEW OF
THIS THESIS

During the several years of study the
contents of this thesis changed substan-
tially. The original idea was that this the-
sis would consist of two parts. The aim
of the first part was to build a molecular
phylogeny of Cotesia parasitoids associ-
ated with Melitaeini hosts. In the second
part, I planned to study the spatial genet-
ic structure of the parasitoids of Melitaea
cinxia in the Aland Islands, including the
two primary and two secondary parasi-
toids in the system. Owing to difficul-
ties in marker development for these
four species I decided to put the main
effort on microsatellite isolation for the
two primary parasitoids and to limit the
comparisons to this trophic level.

In the construction of the molecular
phylogeny for Cotesia, great effort was
made to get samples from as many host
butterfly species and localities as pos-
sible. To achieve this goal, several re-
searchers in Europe, Asia and in North
America contributed Cotesia samples.
Below, I briefly summarize the aims and
key achievements of each of the chapters
in this thesis.

In the first Chapter (I) we analysed
the broad phylogenetic relationships
among the Cotesia species parasitiz-
ing Melitaeini and reared from a large
number of populations of several host
species in Europe, Asia, and North Amer-
ica, using DNA sequence and microsat-
ellite data. In the course of this work, it
became evident that there exist several
cryptic, previously unrecognized spe-
cies of Cotesia. This work set the stage

for the more detailed investigations that
followed.

In the second Chapter (II), we stud-
ied the ecological and genetic structure
of the Melitaeini-Cotesia communi-
ty in Catalonia, northern Spain, with-
in a relatively small geographical area
that should not pose any physical bar-
riers to gene flow. We collected infor-
mation on the natural history of most of
the host butterflies, including data on
their larval host plants and phenology,
as well as on the composition of the lo-
cal parasitoid communities. This large
sample turned out to be particularly in-
formative, and it provided a great opor-
tunity to study the structure of an entire
community of Melitaeini-associated Co-
tesia. The study region has one of the
richest butterfly fauna in Europe (Martin
and Gurrea, 1990; Dennis and Williams,
1995; Stefanescu et al., 2004), and 10 out
of the 20 European species of Melitaei-
ni occurs here (Tolman and Lewington,
1997). Remarkably, this study revealed
the presence of no less than seven bio-
logically distinct species of Cotesia with-
in a relatively small geographic area. In
particular, Cofesia melitaearum agg. and
C. acuminata agg. were each found to
represent a series of cryptic species with
narrow host associations. This finding
led us to study the C. melitaearum aggre-
gate in a greater detail with samples from
several host species gathered throughout
Europe and Asia.

The pattern of genetic variation and
evolutionary divergence among C. mel-
itaearum agg. populations from sever-
al host species is presented in the third
Chapter (IIT). Molecular results for C.
melitaearum agg. reared from two host



species, Melitaea cinxia and M. athalia,
in the Aland Islands, were supplemented
with intensive field observations on the
rate of parasitism and laboratory exper-
iments on the behaviour of parasitoids
encountering host larvae. The results of
this study are in agreement with those in
Chapter II, and we now confirmed that
a single Cotesia species may parasitize
two closely related host species. We al-
so found a more complex pattern of di-
vergence between the Cotesia species
attacking the two widely distributed and
common host species, Melitaea cinxia
and Euphydryas aurinia.

In the fourth Chapter (IV) we com-
pared the small scale spatial genetic
structures of C. melitaearum agg. from
one host species, Melitaea cinxia, in
the Aland Islands. In this study we al-
so compared the genetic structure of C.
melitaearum agg. with that of Hyposoter
horticola (Gravenhost) (Ichneumonidae:
Campopleginae), the other primary par-
asitoid attacking M. cinxia in the Aland.
We also extended the comparison of the

two species to a larger scale in Europe.
This study confirmed the tendency of C.
melitaearum to exhibit genetic differen-
tiation even at relatively small spatial
scales, in contrast to H. horticola. These
results agree with the strikingly different
mobility of the two parasitoids, C. mel-
itaearum having a shorter but H. horti-
cola a longer range of dispersal than the
host butterfly (van Nouhuys and Hanski,
2002a).

The fifth Chapter (V) describes the
development of the microsatellite mark-
ers used in all the other chapters. We
isolated 5 microsatellite loci for C. mel-
itaearum and 3 for H. horticola. We
quantified the allelic diversity and het-
erozygosity in samples from the Aland
Islands as well as from other localities
around Europe. The microsatellite lo-
ci for C. melitaearum agg. from Aland
have been amplified in many other Co-
tesia species from several different host
species in Europe, Asia and North Amer-
ica



3. MATERIAL AND
METHODS

3.1 Samples

Cotesia were sampled as cocoons in the
field or (mostly) reared from field-col-
lected host larvae collected by numerous
researchers. Some samples were only
available as dried, pinned museum speci-
mens. Samples for the broad phylogenet-
ic study (I) were obtained from a large
number of populations of altogether 16
host species in Europe, Asia, and North
America (Appendix A in Chapter I). For
the second Chapter (II), host larvae were
collected from 17 sites in Catalonia, NE
Spain. In this case, seven out of nine
Melitaeini species sampled were parasi-
tized by Cotesia. In addition, other par-
asitoid species apart from Cotesia were
collected and are detailed in Chapter 11
(Table 2). For the third Chapter (III),
Cotesia melitacarum agg. were collected
from the two common Palaearctic host
species, Melitaea cinxia and Euphydryas
aurinia, across many localities in Europe
and Asia, as well as from four more nar-
rowly distributed European host species.
For the fourth Chapter (IV), C. melitae-
arum agg. were collected from 30, and
Hyposoter horticola from 123, local
host populations in the Aland Islands in
Finland. In addition, H. horticola sam-
ples were collected from one locality in
Sweden (10 individuals) and Spain (7 in-
dividuals) and from 5 different localities
in Estonia (41 individuals).

3.2 Molecular analyses

A general overview of the molecular
methods and analyses used in this thesis
is given below. Detailed laboratory pro-

cedures and statistical methods are pre-
sented in the original papers.

3.2.1 DNA sequence analyses

DNA fragments from mitochondrial cy-
tochrome oxidase subunit I (COI) and
NADHI1 dehydrogenase (ND1) genes
and from nuclear ribosomal DNA in-
ternal transcribed spacer region (ITS2)
(altogether 2200 bp) were sequenced
to study the phylogenetic relationships
among Cotesia (I). In Chapters II and
III, mtDNA analyses were based on
sequences of the COI gene (1500 bp).
Phylogenetic analyses were performed
using the maximum parsimony (MP)
and maximum likelihood (ML) crite-
ria in the first Chapter (I) and MP crite-
ria in the other two Chapters (II and III),
with the program PAUP version 4.0b10
(Swofford, 2002). For the ML analy-
sis, the most appropriate substitution
model was selected with Hierarchical
Likelihood Ratio Tests (hLRTs), imple-
mented in MODELTEST program, ver-
sion 3.06 PPC (Posada and Crandall,
1998).

3.2.2 Microsatellites

Altogether 12 microsatellite loci for
Cotesia were used in this thesis. Five of
these loci, Cmel, Cme3, Cme4, Cmel 5
and Cmel7 were isolated from Cotesia
melitaearum as detailed in Chapter V.
Seven microsatellite loci, CcolA, Cco5A,
Cco27, Cco42, Cco654, Cco65B and
Cco68, were originally isolated from
Cotesia congregata (Say) (Jensen et al.,
2002). All the 12 microsatellite loci were
used to study the phylogenetic relation-
ships among Cotesia (I) and to exam-
ine the genetic structure of C. melitae-
arum agg. from several host species in



Europe and Asia (IIT). Ten of the twelve
loci (as two Cme loci did not amplify
constantly) were used in the analysis of
a smaller group of co-occurring Cofesia
in northern Spain (II) and nine loci (as
three of the twelve loci were monomor-
phic in this scale, V) in the study of meta-
population genetic structure of C. meli-
taearum agg. in the Aland Islands (IV).
Four microsatellite loci were used for H.
horticola: Hhol, Hho3, and Hho5 isolat-
ed from H. horticola (V) and one, VGTI,
originally isolated from Venturia canes-
cens (Gravenhorst) (Butcher, Kankare,
Hubbard and Whitfield, in prep.).

3.3 Experiments on host
acceptance behaviour

In the second Chapter (II) we observed
the behaviour of adult female C. melitae-
arum agg. from three different host spe-
cies when provided with the original host
species as well as with nine other host
species from several localities (11, Table
3). In the third Chapter (III) the oviposi-
tion behaviour of C. melitacarum agg.
females reared from Melitaea athalia
was observed when provided with M.
athalia and M. cinxia larvae. Behaviour
of C. melitaearum agg. reared from M.
cinxia was also recorded with all instars
of M. athalia larvae in the laboratory.

3.4 Methods of data analysis

Interspecific and intraspecific genetic
distances were estimated with Cavalli-
Sforza and Edward’s (1967) chord dis-
tance (D) using microsatellite data. The
genetic distance matrices were used to
construct Neighbor-Joining (N-J) and
consensus trees.

The genetic samples were charac-
terized with several measures. We cal-
culated Nei’s expected gene diversity
(H ; Nei, 1987), observed heterozygosi-
ty (H,), mean number of alleles (MNA)
over all loci and allele ranges for samples
from each host species in each Chapter
(I-V). In addition, we estimated devia-
tions from the Hardy-Weinberg (HW)
equilibrium (assessed by F',) and from
the genotypic linkage equilibrium using
log-likelihood tests in FSTAT 2.9.3.1
(Goudet, 2001) in each sampling locali-
ty (II-V). The Bonferroni correction was
applied for multiple tests. FSTAT was al-
so used to test for variance in allele fre-
quencies (F; Weir and Cockerham,
1984) and pairwise genetic differentia-
tion in each population (II-IV). Correla-
tions between genetic (F,/(1-F,)) and
geographic distances (II1I-IV) were tested
using Spearman rank correlation coeffi-
cient (r,). The significance of the corre-
lation was assessed with a Mantel test
(2000 permutations; Mantel, 1967) us-
ing GENEPOP (http://wbiomed.curtin.
edu.au/genepop; Raymont and Rousset,
1995). Because of the haplodiploid na-
ture of inheritance in Hymenoptera, on-
ly data for females were used in most of
the analyses.

Genetic population structure within
species was studied with a model-based
clustering method using the program
STRUCTURE (Pritchard et al., 2000).
This method identifies clusters of genet-
ically similar diploid individual based on
their multilocus genotypes without pri-
or knowledge of their population affini-
ties (111, IV).




4. RESULTS AND
DISCUSSION

4.1 Molecular phylogeny of
checkerspot-parasitizing
Cotesia wasps

The phylogenetic study (I) based on se-
quence and microsatellite data showed
that two major clades of checkerspot-
associated Cofesia exist in Europe (Fig.
1). The first clade (A) includes the no-
tional species C. acuminata and C. big-
nellii, and the second clade (B) includes
the notional species C. melitaearum and
C. cynthiae. When the distinction be-
tween the two clades was first observed
(D, the most striking difference between
them appeared to be the host specificity
of the parasitoids. Cotesia in the clade
A (the “acuminata-group”) had narrow
and non-overlapping host ranges, while
Cotesia in clade B (the “melitaearum-
group”) appeared to parasitize several
broadly sympatric host species (though
see below).

As mentioned before, there is evi-
dence that clade A and clade B do not
constitute a monophyletic group, with
the implication that the host group Meli-
taeini has probably been colonised twice
by Cotesia. It is interesting to ask which
clade colonized Melitaeini first. Previous
studies have demonstrated that in some
closely related groups of koinobiont par-
asitic wasps, taxa have radically differ-
ent breadths of host ranges (Shaw, 1994,
2002; Shaw and Horstmann, 1997).
Those with the broadest host ranges of-
ten parasitize an array of phylogeneti-
cally unrelated but morphologically or
behaviourally similar hosts occurring
in the same microhabitat (Shaw, 1994).
Clade A has narrower host ranges, as

well as a greater degree of morphologi-
cal differentiation among subclades (M.
Shaw, pers. comm.). It may therefore be
that clade A was the first one to colonize
Melitaeini, and has subsequently radiat-
ed into relatively isolated specialist taxa.
This radiation may have involved com-
petitive exclusion of sister taxa on shared
host species. Alternatively, the rate of ev-
olution has been higher in clade A than
in clade B. Studies reported in Chapters
IT and III show that clade B also con-
sists of host-specific cryptic species, but
they appear to be less differentiated than
taxa in clade A. Interestingly, when taxa
from these two clades use the same host
species (M. didyma, E. maturna, and E.
aurinia), the clade A species seem to be
more successful (I). Clade B appears not
to have been able to colonize M. phoebe
at all, possibly because of the presence
of a clade A specialist.

4.2 Host specialization

Substantial to very high genetic dif-
ferentiation between Cotesia popula-
tions reared from different host spe-
cies was found in a small geographic ar-
ea in northern Spain (II). Differentiation
among Cotesia populations reared from
the same host species was substantial-
ly smaller and different Cotesia popula-
tions largely clustered according to their
host species in the microsatellite distance
tree. Indicative host-associated microsat-
ellite allele variation was observed in all
Cotesia taxa, with at least one unique al-
lele that was not observed in other pop-
ulations, suggesting limited gene flow.
Quite unexpectedly, there were as many
as seven biologically distinct species of
Cotesia parasitising the Melitaeini com-
munity within a relatively small geo-
graphic area. In contrast to the inference
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from the broad phylogeny (I), the small-
scale study (II) strongly indicates that
clade B also mostly consists of specialist
taxa, each associated with just one host
species. Nonetheless, cryptic species in
clade A appear to be more genetically
differentiated, and hence “less cryptic”,
than the taxa in clade B.

It is worth emphasizing that with the
exception of C. melitaearum sp. D (from
E. aurinia and E. desfontainii), we found
no hosts sharing the same Cotesia spe-
cies in the study area in northern Spain,
and with two exceptions, butterflies did
not host more than one Cotesia species in
any single location. The exceptions were
Cotesia sp. A and sp. F, which were both
reared from M. didyma larvae from two
local communities, and C. bignellii and
Cotesia sp. D, which were reared from
E. aurinia at one site (II). These results
indicate that at least presently and local-
ly there is little direct interspecific com-
petition among different Cotesia species,
and no current indirect interaction (ap-
parent competition) among butterfly spe-
cies due to shared Cofesia. This leads to
two interesting questions. First, what
drives specialization in Cotesia parasi-
tizing Melitaeini? And second, to what
extent can the observed lack of coexist-
ence be attributed to past competition or
competitive exclusion (Connell, 1980;
Hawkins, 2000)?

As mentioned earlier, for the most
part our data provided little evidence
for apparent competition, indirect inter-
action among the host species medited
by shared parasitoids (Holt and Lawton,
1993, 1994). The exception is E. aurin-
ia and E. desfontainii, which co-occur at
the same sites and are parasitised by Co-
tesia sp. D. The abundances of these two
butterfly species are temporally correlat-

ed, which might be due to the interaction
with the shared parasitoid (C. Stefanescu
and S. van Nouhuys, in prep.). Though at
present this is an exceptional case, sim-
ilar situations in the past have conceiva-
bly resulted in local elimination of host
populations due to apparent competition
via shared Cotesia.

4.3 Genetic divergence among
host-specific cryptic species
in Cotesia melitaearum agg.

Mitochondrial DNA yielded a complex
geographic pattern in the haplotypes
of C. melitaearum agg. reared from M.
cinxia and E. aurinia in Europe and Asia
(IIT). We found only two distinct C. mel-
itaearum agg. haplotypes from M. cinx-
ia hosts but a cluster of eight rather sim-
ilar haplotypes from E. aurinia (plus one
more from the closely related E. desfon-
tainii) (111, Fig 2a, b). An important detail
in these results is that one of the M. cinx-
ia-associated C. melitaearum agg. hap-
lotypes is similar to the E. aurinia-asso-
ciated haplotypes. The microsatellite da-
ta indicated the existence of two host-as-
sociated clades that include populations
across Europe. This result suggests that
currently there is no gene flow among the
Cotesia populations attacking these two
host species. The taxa have been desig-
nated as Cotesia sp. D (from E. aurin-
ia) and Cotesia sp. H (from M. cinxia).
In addition, combined molecular and be-
havioural data demonstrated that Cotesia
reared from two closely related host spe-
cies, E. aurinia and E. desfontainii, are
conspecific. In contrast, definite evidence
was obtained for the Cotesia species at-
tacking Melitaea cinxia and M. athalia in
the Aland Islands in Finland in fact con-



sisting of two species, sp. Hand sp. L. Itis
noteworthy that while E. aurinia and E.
desfontainii are two closely related sister
species, M. cinxia and M. athalia are not
so closely related (Fig. 1).

Post-glacial history could explain the
dissimilar geographic distributions of the
two haplotypes reared from M. cinxia.
Both haplotypes occur in Asia, but only
one of them has been found in northern
Europe. The host butterfly M. cinxia in
Finland and Estonia represents an east-
ern clade, and most likely migrated from
a glacial refugium in the east (probably
in Asia) following the last glacial max-
imum (Saccheri et al., 2004). It is pos-
sible that the specialist wasp migrated
to northern Europe from the same refu-
gium. There is of course no need for the
host and the parasitoid to exhibit identi-
cal post-glacial migration patterns, but
the relationship here between host and
parasitoid range expansions is interesting
(see Hochberg and Ives, 1999) and wor-
thy of further study. How the M. cinx-
ia-associated C. melitaecarum agg. (sp.
H) acquired the haplotype that is simi-
lar to the haplotypes from E. aurinia/E.
desfontainii hosts remains another open
question.

4.4 Metapopulation genetic
structure of coexisting
primary parasitoids of
Melitaea cinxia

Chapter IV is focused on a comparison of
the spatial genetic structures in the two
primary parasitoids that attack Melitaea
cinxia in the Alands Islands, Cotesia mel-
itaearum agg. (sp. H) and the ichneumo-
nid Hyposoter horticola. We found more
spatial genetic structure in the C. meli-

taearum metapopulation than in the H.
horticola (meta)population (IV). This
finding is consistent with expectations
based on the biology of the two species.
Cotesia melitaearum agg. (sp. H) is a
poor disperser, with individuals typically
dispersing less than 1 km (van Nouhuys
and Hanski, 2002a), and this species is
only present in well-connected host pop-
ulations (Lei and Hanski, 1997). In con-
trast, H. horticola is very mobile, dis-
persing to distances greater than 5 km,
and to longer distances than the host but-
terfly (van Nouhuys and Hanski, 2002a).
Hyposoter horticola is present in virtu-
ally all host populations regardless of
their isolation (van Nouhuys and Hanski,
2002a). Gene flow due to high migra-
tion rate is apparently preventing signif-
icant genetic differentiation among pop-
ulations of H. horticola.

Genetic differentiation among the
C. melitaearum populations is likely to
be enhanced by the generally very small
sizes of local populations. The number
of colonists in new populations is prob-
ably very small and their relatedness
high, which is expected to increase ge-
netic differentiation among local popu-
lations in a metapopulation (Whitlock,
2004). In contrast, local populations of
H. horticola are relatively large, rough-
ly one third of the host populations. All
the H. horticola populations were found
to be in the Hardy-Weinberg equilibri-
um across habitat patch networks, sug-
gesting that individuals of this species
inhabiting individual patch network in
fact constitute single panmictic popula-
tions. In contrast, our analyses showed
that C. melitaearum inhabiting different
local host populations within a patch net-
works cannot be considered as panmic-
tic populations.



4.5 Cryptic species in Cotesia
and their relationship with
host phylogeny

Genetic differentiation among the
Cotesia populations reared from dif-
ferent Melitaeini host species across
Europe and Asia presents a complex pat-
tern that is not consistent with the pre-
vious knowledge of just few species.
Rather, it is clear that this group of par-
asitoids includes many cryptic species.
Table 1 summarizes the results based
on the broad phylogeny of Melitaeini-
associated Cotesia (I), on the study of
the Melitaeini-Cofesia community in a
relatively smaller area in northern Spain
(II), and on the patterns in the genetic
differentiation of C. melitaearum agg.
from many host species across Europe
and Asia (III).

Molecular phylogeny including all
known taxa revealed two distinct clades
(A and B; Fig. 1). Two of the subclades in
clade A, consisting of C. acuminata agg.
reared from M. didyma and M. latonige-
na, and C. acuminata agg. reared from
M. phoebe and M. scotosia, differ sub-
stantially from the other taxa in clade A,
suggesting that they represent distinct C.
acuminata agg. sp. A and sp. B, respec-
tively (I). Cotesia acuminata agg. from
E. maturna at several localities repre-
sents a single haplotype, and the cryp-
tic species designated as C. acuminata
sp. K (I). Morphological data support the
distinctions among these subclades (I).
Though there is no doubt about the spe-
cies status of Cotesia bignellii from E.
aurinia in clade A, individuals from all
other localities apart from France have
almost identical haplotypes, where-
as those collected from France show a
substantial divergence from the others

(D). The resolution of C. bignellii from
France requires further study with addi-
tional samples from multiple localities.
The evidence for cryptic species in C.
melitaearum agg. is detailed in the orig-
inal papers and summarized in Table 1.
It is important to note that in this case the
conclusions are critically based on the
geographical patterns, namely that the
different cryptic species occur sympatri-
cally, but on different host species, across
many localities in Europe. It seems prob-
able that C. lycophron, which has been
reared only from a single brood of M. di-
dyma from France, is conspecific with C.
melitaearum sp. F from M. didyma (I; M.
Shaw, in prep.).

Our results suggest that the radiation
of Melitaeini-associated Cofesia has to a
large extent been driven by host phylog-
eny (Fig. 2). In cases when two host spe-
cies are parasitized by the same Cotesia
species, the host species are very close-
ly related: M. didyma and M. latonige-
na, M. phoebe and M. scotosia, and E.
aurinia and E. desfontainii (Fig. 2). On
the other hand, the reverse is not true,
two closely related Cotesia species may
use host species that are not closely re-
lated. For example, C. melitacarum agg.
sp. D and sp. H, which are clearly close-
ly related, use E.aurinia/E.desfontainii
and M. cinxia, respectively. In two cas-
es, the same host species is used by two
different Cotesia species at the same site,
in which case the two parasitoids are not
closely related. Thus C. acuminata agg.
sp. A and C. melitaearum agg. sp. F, as
well as C. bignellii and C. melitaearum
agg. sp. D, were both reared from a sin-
gle host species, M. didyma and E. au-
rinia, respectively.

We do not have Cotesia material
from any other host genera than Meli-
taea and Euphydryas. According to the
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Fig. 2. Molecular phylogeny of Melitaeini butterflies (from N. Wahlberg), with identifi-
cation of the associated cryptic Cotesia species in Table 1.



literature data, Cotesia euphydryidis has
been reared from Closyne harrisii and
C. koebelei from two different Closyne
species (Table 1 in Chapter I). Both of
these North American Cotesia species
were only available from Euphydryas in
our material (Table 1, Fig. 2.). In gener-
al, Phyciodes and Chlosyne species have
been studied relatively little (N. Walh-
berg, pers. comm.). It is worth noting
that Euphydryas species are parasitized
by a wide range of clearly distinct Co-
tesia species, whereas those parasitiz-
ing Melitaea involve only species from
C. acuminata agg. and C. melitaearum
agg. (assuming that C. lycopron is ac-
tually conspecific with C. melitaearum
sp. F, see above). Euphydryas is the ba-
sel group in the host phylogeny (Wahl-
berg and Zimmermann, 2000), and hence
probably older than Melitaea. Euphydr-
yas may thus have had more time than

Melitaea to accumulate a diverse set of
Cotesia. Furthermore, Euphydryas spe-
cies collectively use a larger number of
host plant families than any other genus
of Melitaeini, which may be significant,
though there is no simple pattern in the
host plant use by the host butterflies of
different species of Cotesia (Table 1).

Wabhlberg et al. (2004) concluded
that the radiation of Melitaeini butterflies
has been affected by host plant taxonomy,
but they found no evidence for the
reciprocal influence, which was expected
as the host plant taxa are much older than
the butterflies. Similarly, our results
suggest that the radiation of Melitaeini-
associated Cotesia has to a large extent
been driven by host phylogeny. To
what extent Melitaeini butterflies and
their Cotesia parasitoids have possibly
coevolved remains an interesting open
question for further research.

21



22

5. ACKNOWLEDGEMENTS

First of all, I would like to express my
warmest gratitude to my supervisor Ilkka
Hanski for his extreme flexibility and pa-
tience during the years I have been work-
ing with this thesis. Particularly during the
time when I had “two successive compli-
cations” (read: had two babies) and tried
to remember what DNA and parasitoid
mean after using mostly words like dia-
pers and breastmilk for almost two years.
His contribution to the thesis has also
been crucial on the very final stages of
the project when I was trying to put all
the data gathered during several years to
some kind of order.

I sincerely thank all my co-authors for
their invaluable contribution to this the-
sis. I have been really lucky to have such
experienced people to work with. Espe-
cially Saskya van Nouhuys has been more
like my second supervisor during these
years. | greatly appreciate her knowledge
of the biology of the parasitoid species,
experience for doing the parasitizing ex-
periments and willingness to correct my
English in the manuscripts.

Past and present members of the MRG
group have offered a fruitful working at-
mosphere and we have definitely shared
many memorable moments in our annual
meetings and other “outdoor activities”. I
wish to thank Leena Suvanto in particu-
lar for all kind of small favours she did for
me while | was working at home. Thanks
Leena for also being such a good friend!

I also wish to thank Craig Primmer
and Heikki Roininen for pre-examin-
ing this thesis with pretty tight schedule.
I wish to express my warmest thanks to
Toshka Nyman who has prepared huge
amount of sequencing and microsatel-
lite samples and Anne Aronta for running

them. The atmosphere in the MES labo-
ratory has always been very relaxing, al-
ready in the “old days” in Arkadiankatu
when just a few people were working
there. Thanks Ilik, Pia, Gunilla, Jarmo,
Jukka, Jouni, Tytti and Hannu (and also all
the others who have joined us later)! Ilik
Saccheri taught me all the relevant molec-
ular techniques and Jodie Painter helped
especially with microsatellite analyses.

Many researchers in several countries
have collected Cotesia samples (detailed
list is provided in Chapter one) used in
this study. In particular I wish to mention
Mark R. Shaw in UK and Constanti Ste-
fanescu in Spain who provided so many
samples and also worked as my co-authors
giving their expertise (wasp morphology
and butterfly biology, respectively) for
my use.

Viitoskirjan tekeminen on aina iso
urakka ja sitd se on myos kahden pienen
lapsen édidille. Tyon loppuunsaattaminen
ei koskaan olisi ollut mahdollista ilman
aviomieheni Markon tiydellista tukea.
Kiitos Makke kaikesta henkisesti tuesta,
rakkaudestasi ja siité, ettd olet huolehtinut
jokapdivdisistd askareista vahintdin 50%:
sti. Unohtamatta sit4, ettd mahdollistit ko-
tona tyoskentelemiseni tarjoamalla laitteet
jayhteydet. Kiitos Samppu ja Anniina ar-
kielamén pienistd mutta sitdkin tdrkedm-
mistd hetkistd. Tama4 ei ole ollut helppoa
teillekddn — kysymys “Aiti, taasko sind
teet t6it4?” jad muistiini ikuisiksi ajoiksi.
Kiitdn vanhempiani, sisartani Annikaa ja
ystavddmme Markettaa yhteisistd hetkis-
timme Kuikkarannassa, omassa paratii-
sissamme. Erityiskiitos didille vastoista!

Parhaat ystdvimme Virva, Vekku,
Heidi ja kaikki karvakorvat ovat useiden
vuosien aikana tarjonneet monia unoh-
tumattomia hetkid kauniissa saaristossa
ja maaseudulla. Nuo yhdessédolon hetket
ovat saaneet minut unohtamaan tyéhuo-
let edes hetkeksi.



6. REFERENCES

Abrahamson, W.G., Blair, C.P., Eubanks,
M.D., Morehead, S.A. 2003. Sequential
radiation of unrelated organisms: the gall
fly Eurosta solidaginis and the tumbling
flower beetle Mordellistena convicta.
Journal of Evolutionary Biology, 16: 781-
789.

Althoff, D.M., Thompson, J.N. 1999.
Comparative geographic structures of two
parasitoid-host interactions. Evolution,
53: 818-825.

Alvarez, ].M., Hoy, M.A. 2002. Evaluation
of the ribosomal ITS2 DNA sequences in
separating closely related populations of
the parasitoid Ageniaspis (Hymenoptera:
Encyrtidae). Annals of the Entomological
Society of America, 95: 250-256.

Askew, R.R., Shaw, M.R. 1986. Parasitoid
communities: their size, structure and
development. In: Insect Parasitoids (J.
Wagge and D. Greathead, eds.), pp. 225-
264. Academic Press, London.

Atanassova, P., Brookes, C.P., Loxdale, H.D.,
Powell, W. 1998. Electrophoretic study of
five aphid parasitoid species of the genus
Aphidius (Hymenoptera: Braconidae),
including evidence for reproductively
isolated sympatric populations and
cryptic species. Bulletin of Entomological
Research, 88:3-13.

Babcock, C.S., Heraty, J.M. 2000. Molecular
markers distinguishing Encarsia formosa
and Encarsia luteola (Hymenoptera:
Aphelinidae). Annals of the Entomological
Society of America, 93:738-744.

Bonsall M.B., Hassell M.P. 1997. Apparent
competition structures ecological
assemblages. Nature 388: 371-378.

Cavalli-Sforza, L.L., Edwards, A.W.F.

1967. Phylogenetic analysis: models and
estimation procedures. American Journal
of Human Genetics, 19: 233-257.

Chen, Y., Giles, K.L., Greenstone, M.H.

2002. Molecular evidence for the
species complex in the genus Aphelinus
(Hymenoptera: Aphelinidae), with
additional data on Aphidiine Phylogeny
(Hymenoptera: Braconidae). Annals of
the Entomological Society of America,
95:29-34.

Connell, J.H. 1980. Diversity and the

coevolution of competitors, or the ghost
of competition past. Oikos, 35: 131-138.

de Barro, P.J., Driver, F., Naumann, 1.D.,

Schmidt, S., Clarke, G.M., Curran, J.
2000. Descriptions of three species of
Eretmocerus Haldeman (Hymenoptera:
Aphelinidae) parasitising Bemisia tabaci
(Gennadius) (Hemiptera: Aleyrodidae)
and Trialeurodes vaporariorum (West-
wood) (Hemiptera: Aleyrodidae) in
Autralia based on morphological and
molecular data. Australian Journal of
Entomology, 39: 259-269.

Dennis, R.L.H., Williams, W.R. 1995.

Implications of biogeographical structures
for the conservation of European
butterflies. In: Ecology and Conservation
of Butterflies (A.S. Pullin, ed.), pp. 213-
229. Chapman and Hall, London.

Ehrlich, P.R., Hanski, 1., eds. (2004) On the

Wings of Checkerspots: A Model system
for Population Biology. Oxford University
Press, Oxford.

Ehrlich, P.R., White, R.R., Singer, M.C.,

McKechnie, S.W., Gilbert, L.E., 1975.
Checkerspot butterflies: a historical
perspective. Science, 188: 221-228.

23



24

Eliasson, C.U. 1991. Studier av bok-
niftjarelens Euphydryas maturna
(Lepidoptera: Nymphalidae) forekomst
och biologi i Védstmanland. Entomologisk
Tidskrift, 112: 113-124.

Eliasson, C.U, Shaw, M.R. 2003. Prolonged
life cycles, oviposition sites, foodplants
and Cotesia parasitoids of Melitaeini
butterflies in Sweden. Oedippus, 21: 1-
52.

Ford H.D., Ford, E.B. 1930. Fluctuation in
numbers, and its influence on variation,
in Melitaea aurinia, Rott. (Lepidoptera).
Transactions of the Entomological Society
of London, 78: 345-351.

Godfray, H.C.J. 1994. Parasitoids:
Behavioural and Evolutionary Ecology.
Princeton: Princeton University Press.

Gomez, A., Serra, M., Carvalho, G.R., Lunt,
D.H. 2002. Speciation in ancient cryptic
species complexes: evidence from the
molecular phylogeny of Brachionus
plicatilis (Rotifera). Evolution, 56: 1431-
1444.

Goudet, J. 2001. FSTAT, a program to es-
timate and test gene diversities and fix-
ation indices (version 2.9.3). Available
from http//www.unil.ch/izea/softwares/
fstat.html.

Haeselbarth, E., 1979. Zur Parasitierung der
Puppen von Forleule (Panolis flammea
(Schiff.)), Kiefernspanner (Bupalus
piniarius (L.)) und Heidelbeerspanner
(Boarmia bistortata (Goeze)) in baye-
rischen Kiefernwildern. Zeitschrift fiir
Angewandte Entomologie, 87, 186-202;
311-322.

Hanski, 1. 1999. Metapopulation Ecology.
Oxford University Press, Oxford.

Hawkins, B.A. 2000. Species coexistence in
parasitoid communities: Does competition
matter? In: Parasitoid Population Biology
(M.E. Hochberg and A.R. Ives eds.),

pp.198-214. Princeton University Press,
Princeton.

Higgins, L.G. 1981. A revision of Phyciodes
Hiibner and related genera, with review
of the classification of the Melitaeina
(Lepidoptera: Nymphalidae). Bulletin
of the British Museum (Natural History)
Entomology, 43: 77-243.

Hochberg MLE., Ives A.R. 1999. Can natural
enemies enforce geographic range limits?
Ecography 22: 268-276.

Holt, R.D. 1977. Predation, apparent
competition and the structure of prey

communities. Theoretical Population
Ecology, 12: 197-229.

Holt, R.D, Lawton, J.H. 1993. Apparent
competition and enemy-free space in
insect host-parasitoid communities.
American Naturalist, 142: 623-645.

Holt, R.D, Lawton, J.H. 1994. The
ecological consequences of shared natural

enemies. Annual Review of Ecology and
Systematics, 25: 495-520.

Hoy, M., Jeyaprakash, A., Morakote, R.,
Lo, P.KX.C., Nguyen, R. 2000. Genomic
analysis of two populations of Ageniaspis
citricola (Hymenoptera: Encyrtidae)
suggest that a cryptic species may exist.
Biological Control, 17: 1-10.

Jager, C. R., Menken, B.J. 1994. Sympatric
speciation in Ageniaspis fuscicollis
(Hymenoptera: Encyrtidae), and
endoparasitoid of Yponomeuta spp.
(Lepidoptera: Yponomeutidae), revealed
by RAPD markers. Proceedings of
Experimental Applied Entomology, 5:
19-23.

Jensen, M K., Kester, K.M., Kankare, M.,
Brown, B.L. 2002. Characterization of
microsatellite loci of parasitoid, Cotesia
congregata (Say) (Hymenoptera).
Molecular Ecology Notes, 2: 346-348.



Klemetti, T., Wahlberg, N. 1997.
Punakeltaverkkoperhosen (Euphydryas
aurinia) ekologia ja populaatiorakenne
Suomessa. Baptria, 22: 87-93.

Komonen, A. 1997. The parasitoid complex
attacking Finnish populations of two
threatened butterflies, Euphydryas
maturna and E. aurinia. Baptria, 22: 105-
109.

Komonen, A. 1998. Host species used by
parasitoids of Melitaeini in southern
France. Baptria, 22: 87-93.

Kuussaari, M., van Nouhuys, S., Hellmann,
J.J., Singer, M.C. 2004. Larval biology
of checkerspot butterflies. In: On the
wings of checkerspots: a model system
for population biology (P.R. Ehrlich and
I. Hanski, eds.), pp. 138-160. Oxford
University Press, Oxford.

Lei, G.C., Hanski, I. 1997. Metapopulation
structure of Cotesia melitaearum, a
specialist parasitoid of the butterfly
Melitaea cinxia. Oikos, 78: 91-100.

Lei, G.C., Vikberg, V., Nieminen, M.,
Kuussaari, M. 1997. The parasitoid
complex attacking the Finnish populations
of Glanville fritillary Melitaea cinxia
(Lep: Nymphalidae), an endangered
butterfly. Journal of Natural History, 31:
635-648.

Mantel, N. 1967. The detection of disease
clustering and a generalized regression
approach. Cancer Research, 27: 209-
220.

Marsh, P. 1979. Braconidae. In: Catalog
of Hymenoptera in America north of
Mexico, vol. 1. Symphyta and Apocrita
(Parasitica) (K.V. Krombein, P.D. Hurd,
D.R. Smith and B. D. Burk, eds.), pp. 144-
295. Smithsonian Institute, Washington,
DC.

Martin, J., Gurrea, P. 1990. The peninsular
effect in Iberian butterflies (Lepidoptera:
Papilionoidea and Hesperioidea). Journal
of Biogeography, 17: 85-96.

Mason, W.R.M. 1981. The polyphyletic
nature of Apanteles Forester (Hymenop-
tera: Braconidae): A phylogeny and
reclassification of Microgastrinae.
Memorals of the Entomological Society
of Canada, no. 115. 147 pp.

McCoy, K.D., Boulinier, T., Tirard, C.,
Michalakis, Y. 2001. Host specificity of
a generalist parasite: genetic evidence of
sympatric host races in seabird tick Ixodes
uriae. Journal of Evolutionary Biology,
14: 395-405.

Molbo, D., Machado, C. A., Sevenster,
J. G., Keller, L., Herre, E. A. 2003.
Cryptic species of fig-pollinating wasps:
implications for the evolution of the fig-
wasp mutualism, sex allocation, and
precision of adaptation. Proceedings of
National Academic Science, 100: 5867-
5872.

Moore, S.D. 1989a. Patterns of juvenile
mortality within an oligophagous insect
population. Ecology, 70: 1726-1737.

Moore, S.D. 1989b. Regulation of host
diapause by an insect parasitoid.
Ecological Entomology, 14: 93-98.

Murphy, D. D., Wahlberg, N., Hanski,
I., Ehrlich, P. R. 2004. Introducing
checkerspots: taxonomy and ecology. In:
On the Wings of Checkerspots: A Model
System for Population Biology (P. R.
Ehrlich and I. Hanski, eds.), pp. 17-33.
Oxford University Press, Oxford.

Miiller, C.B., Adriaanse, I.C.T., Belshaw, R.,
Godfray, H.C.J. 1999. The structure of an
aphid-parasitoid community. Journal of
Animal Ecology, 68: 346-370.

25



26

Nei, M. 1987. Molecular Evolutionary
Genetics. Columbia University Press,
New York, NY, USA.

Nixon, G.E.J. 1974. A revision of the
north-western European species of the
glomeratus-group of Apanteles Forster
(Hymenoptera, Braconidae). Bulletin of
Entomological Research, 64: 453-524.

Page, R.D.M. (ed.) 2003. Tangled trees. The
University of Chicago Press, Chicago.

Papp, J. 1986. A survey of the European
species of Apanteles Forst. (Hymenoptera,
Braconidae: Microgastrinae). IX. The
glomeratus-group 1. Annales historico-
naturales Musei nationalis hungarici, 78:
225-247.

Papp, J. 1987. A survey of the European
species of Apanteles Forst. (Hymenoptera,
Braconidae: Microgastrinae). X. The
glomeratus-group, 2 and the cultellatus-
group. Annales historico-naturales Musei
nationalis hungarici, 79: 207-258.

Porter, K. 1981. The population dynamics of
small colonies of the butterfly Euphydryas
aurinia. Unpublished D. Phil. Thesis,
Oxford University.

Porter, K. 1983. Multivoltinism in Apanteles
bignellii and the influence of weather on
synchronisation with its host Euphydryas
aurinia. Entomologica Experimentalis et
Applicata, 34: 155-162.

Posada, D., Crandall, K.A. 1998. Modeltest:
testing the model of DNA substitution.
Bioinformatics, 14: 817-818.

Pritchard, J.K., Stephens, M., Donnelly, P.
2000. Inference of population structure
using multilocus genotype data. Genetics,
155: 945-959.

Raymont, M., Rousset, F. 1995. GENEPOP
(version 1.2): population genetics software
for exact tests and ecumenicism. Journal
of Heredity, 86:248-249.

Rokas, A., Atkinson, R.J., Webster, L M.I.,
Csoka, G., Stone, G.N. 2003. Out of
Anatolia: longitudinal gradients in genetic
diversity support an eastern origin for a
circum-Mediterranean oak gallwasp
Andricus quercustozae. Molecular
Ecology, 12: 2153-2174.

Saccheri, I., Boggs, C., Hanski, 1., Ehrlich P.
2004. Genetics of checkerspot populations.
In: On the Wings of Checkerspots: A
Model System for Population Biology
(PR. Ehrlich and I. Hanski, eds.), pp. 199-
218. Oxford University Press, Oxford.

Selonen, V. 1997. Kirjoverkkoperhosen
(Euphydryas maturna) ja Ratamo-
verkkoperhosen (Mellicta athalia)
populaatiorakenne ja habitaatinvalinta.
Baptria, 22: 137-144.

Sharpe, R.G., Harbach, R.E., Butlin, R.K.
2000. Molecular variation and phylogeny
of menbers of the minimus group of
Anopheles subgenus Cellia (Diptera:
Culidae). Systematic Entomology, 25:
263-274.

Shaw, M.R. 1994. Parasitoid host ranges.
In: Parasitoid community ecology (B.A.
Hawkins and W. Sheehan, eds.), pp. 111-
144. Oxford University Press, Oxford.

Shaw, M.R. 2002. Host ranges of Aleiodes
species (Hymenoptera: Braconidae),
and an evolutionary hypothesis. In:
Parasitic Wasps: Evolution, Systematics,
Biodiversity and Biological Control (G.
Melika and C. Thurdczy, eds.), pp. 322-
327. Agroinform, Budapest.

Shaw, M.R., Horstmann, K. 1997. An analysis
of host range in the Diadegma nanus
group of parasitoids in Western Europe,
with a key to species (Hymenoptera:
Ichneumonidae: Campopleginae). Journal
of Hymenopteran Research, 6: 273-296.

Shaw, M.R., Huddleston, T. 1991.
Classification and biology of braconid
wasps (Hymenoptera: Braconidae).



Handbooks for the Identification of British
Insects 7(11), Royal Entomological
Society of London, 126 pp.

Singer, M.C. 2004. Oviposition preference:
its measurement, its correlates and its
importance in the life of checkerspots. In:
On the Wings of Checkerspots: a Model
System for Population Biology (P.R.
Ehrlich and I. Hanski, eds.), pp. 181-198.
Oxford University Press, Oxford.

Stamp, N.E. 1981a. Effect of group size
on parasitism in a natural population of
the Baltimore Checkerspot Euphydryas
phaeton. Oecologia, 49: 201-206.

Stamp, N.E. 1981b. Parasitism of single
and multiple egg clusters of Euphydryas
phaeton (Nymphalidae). New York
Entomological Society, 89: 8§9-97.

Stamp, N.E. 1982. Behavioral interactions
of parasitoids and Baltimore Checkerspot
caterpillars (Euphydryas phaeton).
Environmental Entomology, 11: 100-
104.

Stefanescu, C., Herrando, S., Paramo, F.
2004. Butterfly species richness in the
northwest Mediterranean Basin: the role
of natural and human-induced factors.
Journal of Biogeography, in press.

Stireman, J.O., Singer, M.S. 2003. What
determines host range in parasitoids?
An analysis of a tachnid parasitoid
community. Oecologia, 135: 629-638.

Stone, G.N., Atkinson, R.J., Rokas, A.,
Csodka, G., Nieves-Aldrey, J-L. 2001.
Differential success in northward range
expansion between ecotypes of the marble
gallwasp Andricus kollari: a tale of two
lifecycles. Molecular Ecology, 10: 761-
778.

Swofford, D.L. 2002. PAUP*. Phylogenetic
Analysis Using Parsimony (*and Other
Methods). 4.0b10. Sinauer Associates,
Sunderland, MA.

Takezaki, N., Nei, M. 1996. Genetic distances
and reconstruction of phylogenetic trees
from microsatellite data. Genetics, 144:
389-399.

Thomas, C.D., Singer, M.C. 1998. Scale-
dependent evolution of specialization in a
checkerspot butterfly: from individuals to
metapopulations and ecotypes. In: Genetic
Structure and Local Adaptation in Natural
Insect Populations (S. Mopper and S.Y.
Strauss, eds.), pp. 343-374. Chapman and
Hall, New York, NY.

Tolman T., Lewington, R. 1997. Butterflies
of Britain and Europe. London: Harper
Collins.

van Nouhuys, S., Hanski, I. 2002a.
Colonization rates and distances of a host
butterfly and two specific parasitoids in a
fragmented landscape. Journal of Animal
Ecology, 71: 639-650.

van Nouhuys, S., Hanski, 1. 2002b.
Multitrohic interactions in space:
metacommunity dynamics in fragmented
landscapes. In: Multitrophic level
interactions (T. Tscharntke and B.A.
Hawkins, eds.), pp.124-147. Cambridge
University Press, Cambridge.

van Nouhuys, S., Hanski, I. 2004. Natural
enemies of checkerspot butterflies. In:
On the Wings of Checkerspots: A Model
System for Population Biology (P. R.
Ehrlich and I. Hanski, eds.), pp. 161-180.
Oxford University Press, Oxford.

van Nouhuys, S, Hanski, I. 2005.
Metacommunities of butterflies, their
host plants and their parasitoids. In:
Metacommunities: spatial dynamics
and ecological communities. (M.
Holyoak, M.A. Leibol and R.D. Holt
RD, eds.).University of Chicago Press,
Chicago. (in press).

27



28

Wahlberg, N. 1997. Ratamoverkkoperhosen
(Mellicta athalia) elinkierto Eteld-
Suomessa. Baptria, 24: 149-153.

Wahlberg, N. 1998. The life history
and ecology of Euphydryas maturna
(Nymphalidae: Melitaeini) in Finland.
Nota lepidoptera, 21: 154-169.

Wabhlberg, N., Ehrlich, P.R., Boggs, C.L.,
Hanski, 1. 2004. Bay checkerspot and
Glanville fritillary compared with other
species. In: On the Wings of Checkerspots:
A Model System for Population Biology (P.
R. Ehrlich and I. Hanski, eds.), pp. 219-
244, Oxford University Press, Oxford.

Wahlberg, N., Kullberg, J., Hanski, I.
2001. Natural History of some Siberian
melitaeine butterfly species (Melitaeini:
Nymphalidae) and their parasitoids.
Entomologica Fennica, 12: 72-77.

Wahlberg, N., Zimmermann, M. 2000.
Pattern of phylogenetic relationships
among members of the tribe Melitaeini
(Lepidoptera: Nymphalidae) inferred
from mtDNA sequences. Cladistics, 16:
347-363.

Warren, M.S. 1987. The ecology and
conservation of the heath fritillary
butterfly Mellicta athalia. Journal of
Applied Ecology, 24: 499-513.

Weir, B.S., Cockerham, C.C. 1984.
Estimating F-statistics for the analysis of
population structure. Evolution, 38:1358-
1370.

White, R.R. 1973. Community relationships
of the butterfly Euphydryas editha.
Unpublished D. Phil. Thesis, Stanford
University.

Whitlock, M.C. 2004. Selection and drift in
metapopulations. In: Ecology, Genetics,
and Evolution of Metapopulations (1.
Hanski and O.E. Gaggiotti, eds.), pp.
153-174. Elsevier, Academic Press,
Amsterdam.

Williams, E.H. Holdren, C.E. Ehrlich,
P.R. 1984. The life history and
ecology of Euphydryas gillettii
Barnes (Nymphalidae). Journal of the
Lepidopteran Society, 38:1-12.

Zhang, D-Y., Lin, K., Hanski, 1. 2004.
Coexistence of cryptic species. Ecology
Letters, 7: 165-169.



