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“Denn nur im Irrtum, nur durch den Irrtum, in den er unentrinnbar hineingehal-
ten ist, wird der Mensch zum Suchenden, der er ist, der suchende Mensch; denn
der Mensch braucht die Erkenntnis der Vergeblichkeit, er muß ihren Schrecken,
den Schrecken jeden Irrtums auf sich nehmen und, ihn erkennend, bis zur Neige
auskosten, er muß des Schreckens inne werden, nicht aus Selbstqual, wohl aber weil
nur in solch erkennenden Innewerden der Schrecken zu überwinden ist, weil nur dann
es möglich wird, durch des Schreckens höhere Pforte hindurch ins Sein zu gelangen.”
— Hermann Broch, Der Tod des Vergil
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1 Introduction

1.1 The art of knowing what
surrounds us

“Nur der Satz hat Sinn; nur im
Zusammenhang des Satzes hat ein
Name Bedeutung.”

— L. Wittgenstein, Tractatus
logico-philosophicus, 3.3

One of the major hominid innovations
was undoubtedly the ability to use ab-
stract language. It allows individuals to
refer, to describe and to exchange infor-
mation. Efficient communication is im-
possible without a framework of words,
phrases and concepts, shared between
the two partners, which guarantees that
they refer to the same reality, and mu-
tually understand the outcome of the
verbal exchange. All references pertai-
ning to one object are assembled un-
der a common name, which can thus be
considered as the fundamental building
block of information. Classes are erected
to store properties that describe more
than one object.

As knowledge becomes more com-
plex, the need for abstraction grows,
necessitating generalised classes that
themselves consist of classes. This, in
turn, goes hand in hand with the adop-
tion of hierarchies and the introduction
of classification rules to frame new data
within the existing scheme. With such
multi-layered knowledge systems, infor-
mation can be efficiently retrieved, ex-
changed, and updated. The omnipres-
ence of multilevel organisation in our
daily perceptions and actions – think of
libraries or catalogues – testifies the cen-
tral role of conceptual arrangements in
the human mind.

Complex organisational schemes

have been developed for objects ranging
from elementary particles to mathema-
tical theories and from minerals to orga-
nisms. The field of biology called syste-
matics may be seen as a crystallisation of
our continuous and universal ambition
to know and interpret the world. It thus
forms the corner stone of biological in-
formation; any other biological research
field benefits from systematics through
the retrieval and accumulation of infor-
mation. It is no coincidence that the
National Science Foundation is coordi-
nating a tremendous effort to catalogue
and annotate all life on Earth in the
form of the Tree of Life – systematics is
the cement of biology.

1.2 Systematics

1.2.1 Taxonomy of systematics

Systematics may generally be divided
into two subdisciplines: taxonomy and
phylogenetics. While the former is
mainly concerned with the description
of new species, classification and iden-
tification (focused on morphology), the
latter aims to infer the evolutionary re-
lationships among organisms.

Taxonomy is by far the older of the
two systematic disciplines; species have
been described since the earliest times.
The first formal rules were established
by Carolus Linnaeus, who introduced
the binomial nomenclature which is still
in use today. In the 18th and 19th
century many more specific and subspe-
cific variations were discovered, which
led to additional, cumbersome taxono-
mic terms such as subspecies and vari-
eties. In the 20th century many of these
forms were synonymised, leading to a
history of obscurity and disagreements.

Introduction 7
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Traditional taxonomy is a time con-
suming process, consisting of the orde-
ring of large samples according to si-
milarity, and the identification of con-
sistent, defining characters and/or mea-
surements. Subsequent corroboration of
the initial idea is then sought in other
data (geography, ecology, physiology...)
and by comparison to reference material.
This may lead to new descriptions, revi-
sions or synonymisations. Finally, newly
described species need to be deposited in
a publicly accessible reference collection;
type specimens thus form the core of ta-
xonomy. These need to be managed and
stored in museums, which is impractical
and incurs a significant cost.

Although taxonomy was the primary
form of systematics for a long time, in-
terest in it has been declining during
the 20th century. There are many rea-
sons for this situation: (i) a dusty image;
(ii) unpopularity of morphological work
and species description; (iii) loss of spe-
cialised taxonomic knowledge after re-
tirement of taxonomists; (iv) the rise
of molecular data; (v) funding difficul-
ties; (vi) lack of scientific appreciation
for species descriptions and publication
in idiosyncratic journals.

Paradoxically, in the age of uncon-
trollable, anthropogenically induced loss
of diversity – a glance at the IUCN Red
list for 2008 reveals that no less than
38% of living beings on earth are cri-
tically endangered (IUCN, 2008) – the
rate of species discovery is slowing down.
This dramatic situation, in which biodi-
versity could be lost before the mere re-
alisation of its existence, is often referred
to as the taxonomic crisis (Godfray and
Knapp, 2004; Hebert et al., 2004; Meier
et al., 2006).

1.2.2 Molecular taxonomy

Tautz et al. (2003) introduced DNA ta-
xonomy as a possible solution to the
taxonomic crisis. This methodology is
a new approach to taxonomy in which
the traditional methods for species dis-
covery, description and identification are
complemented and eventually replaced
by a scheme, in which a short DNA frag-
ment is extracted, amplified and com-
pared against a reference database for
identification. Hebert et al. (2003a)
called this process DNA barcoding.

The proponents of barcoding invoke
several arguments to explain the need
for alternative methods of species dis-
covery (Hebert et al., 2004, 2003b; Smith
et al., 2005; Tautz et al., 2003). Tra-
ditionally defined taxa are the pro-
duct of the opinion of one or a few
specialists, and thus highly subjective.
The similarity of morphological charac-
ters can be misleading owing to paral-
lelism, convergence, analogy or mimicry.
Conversely, intraspecific variability, es-
pecially in morphometrics, may make
species delineations unstable. Diagnos-
tic characters may be unavailable for
cryptic species, and morphologically dis-
tinct life stages cannot be identified
using adult morphology (Hebert et al.,
2004; Monaghan et al., 2005).

Barcoding, the proponents argue,
overcomes these obstacles. The tool
is an objective, universally applicable
measure. A molecular protocol requires
less specialised knowledge than tradi-
tional taxonomy and high-throughput
methods can be optimised (Blaxter,
2004). It allows rapid identification and
detects cryptic life stages and species.
Moreover, a large number of characters
can be quickly obtained. Therefore, a
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relatively short fragment could suffice
to cover all extant taxa (Hebert et al.,
2003b). On the practical level, DNA
taxonomy offers information that is ea-
sily accessible through online databases.
Large samples are no longer needed,
and DNA sequence information may
be easily curated, stored and organised
(Tautz et al., 2003).

Despite these advantages, barcoding
suffers from a number of difficulties. The
650 bp of the proposed universal barco-
ding gene (COI ; Hebert et al., 2003b)
is considered by some authors as limi-
ted information, especially compared to
the average genome size of the organisms
it is amplified from (Lipscomb et al.,
2003). Moreover, not all sequence po-
sitions are variable, and base composi-
tion is generally biased to AT in Insecta
and to GC in Chordata, although de-
viations from the rule have been found
(Clare et al., 2008). In closely re-
lated, recently diverged species, incom-
plete lineage sorting may produce mis-
leading results. Additionally, molecular-
evolutionary processes such as nuclear
pseudogenes, horizontal gene transfer,
species hybridisation and introgression
potentially invalidate the central idea
that COI sequences are able to cap-
ture species identity with low rates of
misidentification. The failure to ac-
knowledge substantial intraspecific se-
quence variability may lead to an overes-
timation of the number of species reco-
vered by barcoding (Meier et al., 2006).
Finally, although barcoding efforts ma-
naged to renew interest in taxonomy,
they did so by usurping the already li-
mited resources available to traditional
taxonomy (Lipscomb et al., 2003).

The answer to this theoretical im-
broglio should lie within the camp of

empirical proof, but in applied studies
the controversy remains equally tangi-
ble. Whereas a plethora of papers (Clare
et al., 2007; Hebert et al., 2004; Smith
et al., 2005) reported successful applica-
tions of barcoding to a.o. Chiroptera,
Lepidoptera and Hymenoptera, others
showed the inadequate performance of
barcoding in Diptera, Orthoptera and
other groups (Elias et al., 2007; Meier
et al., 2006; Trewick, 2007).

Barcoding may be the only way to
characterise life on earth at a sufficiently
fast pace. However, resources are limi-
ted and need to be optimised to gua-
rantee the accomplishment of our goals.
Therefore, caution is needed and the-
oretical assumptions have to be scru-
tinized. Methodological case studies
of its performance are necessary before
massive efforts should be undertaken to
“barcode life”.

1.3 Systematics in motion:
ants

1.3.1 The family Formicidae

Ants are amongst the most dominant,
yet inconspicuous groups of organisms.
Although an individual weighs only be-
tween one and five milligrammes, the
world’s total ant population (estimated
at ten thousand trillion) verges on hu-
mans in combined biomass (Hölldobler
and Wilson, 1994). They occur in al-
most every habitat on earth, from the
Arctic circle to South Africa, where
they profoundly influence local com-
munities as key predators, scavengers,
seed dispersers and soil turners (Höll-
dobler and Wilson, 1990). Ants show
some of the most remarkable life histo-
ries, including legionary foraging (army
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and driver ants; Ecitoninae, Doryli-
nae), fungus-gardening (Attini leafcut-
ting ants), and slave-making (Polyer-
gus, Formica). They engage in sym-
biotic relationships with over 400 plant
species (Jolivet, 1996) and a wide variety
of arthropods, including ants, beetles,
butterflies and hover flies (Geiselhardt
et al., 2007; Hölldobler and Wilson,
1990; Pierce et al., 2002; Schönrogge
et al., 2002).

Ants are specialised sphecid wasps
belonging to the order Hymenoptera, to-
gether with bees and wasps. They form
one family, Formicidae, which is cur-
rently divided into 21 subfamilies and
12 464 described species (Agosti and
Johnson, 2005). Pioneer myrmecologists
such as Auguste Forel, Carlo Emery and
William Morton Wheeler described most
of the currently known species. The four
Formicidae sections of the Genera In-
sectorum (Emery, 1921, 1922a,b, 1925)
were monumental masterpieces covering
every ant species and variety known
in the epoch. In recent times, the
Sisyphean task of summarising unwieldy
synonymisations and taxonomic changes
has been taken over by Barry Bolton
(Bolton, 1995, 2003; Bolton et al., 2006).
Every edition of the Catalogue of Ants
deeply revises ant systematics, mirror-
ing both the increasing attention to ants
and the disquieting state of our current
apprehension.

Compared to the vastness of the lite-
rature detailing ant taxonomy, the inter-
relationships of ants have received only
little mention (Brown, 1954; Hölldobler
and Wilson, 1990; Taylor, 1978). These
“phylogenies” were mainly speculative
and based on the subjective ordering
of morphological characters. A reliable
phylogeny of ant subfamilies was only

obtained when molecular data became
available (Astruc et al., 2004; Brady
et al., 2006; Moreau et al., 2006; Ouel-
lette et al., 2006). The recently disco-
vered species Martialis heureka (Rabel-
ing et al., 2008) may be the most primi-
tive extant ant species, sister group to all
of the known ant subfamilies. We thus
now have a good understanding of the
interrelationships among the major ant
lineages.

Despite the growing consensus on
overall interrelationships, the situation
remains deplorable at lower taxonomic
levels. Bolton’s works divided each sub-
family into a number of tribes, informal
collections of morphologically similar ge-
nera. Schattuck (1992) subsequently
abolished all tribes in Dolichoderinae,
illustrating their hypothetical nature.
Similarly, the status of the tribes in the
subfamily Myrmicinae needs a thorough
revision (Bolton, 2003).

One of the most primitive tribes of
Myrmicinae, the tribe Myrmicini (Rad-
chenko et al., 2007), has been difficult
to define because of a lack of apomor-
phies. Since Emery (1921) revised the
classification of ants, Myrmicini has con-
sisted of Myrmica, Pogonomyrmex and
a changing array of other genera. Se-
veral additional genera have been trans-
ferred to the tribe and removed again
later. Currently, seven genera belong
to Myrmicini: Eutetramorium, Huberia,
Hylomyrma, Manica, Myrmica, Pogono-
myrmex and Secostruma (Bolton et al.,
2006). However, its monophyly is only
a suggestion, which calls for an indepen-
dent test.

10 Introduction
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1.3.2 The genus Myrmica

The type genus of Myrmicini, Myrmica,
forms the main subject of this thesis.
With over two hundred species, it forms
the largest genus of the tribe (Bolton
et al., 2006; Radchenko, pers. comm.).
Myrmica occurs throughout the Holarc-
tic and in the mountains of southeas-
tern Asia. Its species occur in a di-
verse array of habitats, ranging from
mountain meadows and bogs to forests
and human-altered pastures. They are
adapted to cool conditions, with the
exception of a few xerophilous steppe
forms. Therefore they are absent from
deserts, and confined to high altitudes in
the southern parts of their distribution.
Three species, M. rubra, M. rugino-
dis and M. specioides, were introduced
to the USA, where they are considered
nuisances (Groden et al., 2005; Jansen
and Radchenko, 2009; Francoeur, pers.
comm.).

The taxonomic study of this genus
has mostly been concentrated on the
Palearctic, where 140 species and twelve
species groups have been described
(Radchenko and Elmes, 2001b). Seifert
(1988) revised 26 Myrmica species from
Europe, Caucasia and Asia Minor. He
also investigated the schencki group
(Seifert, 2003) and wrote an illustrated
guide for North and Middle Europe
(Seifert, 2007). In his keys, Seifert used
complex morphometric functions to se-
parate closely resembling species. In
contrast, Radchenko (1995a,b,c,d) em-
phasised male morphology and female
scape structure to classify 64 Central
and Eastern Palearctic species into eight
species groups. These groups hypotheti-
cally reflect natural relationships (Rad-
chenko and Elmes, 2001b).

In the Nearctic, taxonomic efforts
were limited to a few revisions. The
most important one summarised the
Palearctic Myrmica known at the time
and covered the Nearctic forms in detail
(Weber, 1947, 1948, 1950). Weber’s ab-
dication of quadrinomens simplified clas-
sification, but his perpetuation of the
traditional view of Nearctic Myrmica as
variations of European species failed to
address the major problems. Creighton
(1950) considered the entire Nearctic ant
fauna, including Myrmica, but in less de-
tail. Other work has consisted mostly
of local lists and keys (Gregg, 1963;
Wheeler and Wheeler, 1986). Only
Francoeur (2007) added new informa-
tion by describing three new species and
erecting two species groups. It is thus no
surprise that identification of Nearctic
Myrmica is plagued by synonymy, elu-
sive descriptions, unreliable keys and an
outdated nomenclature. The most re-
cent species count (Bolton et al., 2006)
listed 31 Nearctic Myrmica forms, not
counting Francoeur’s three new descrip-
tions.

1.4 Social parasitism

Social parasitism is one of the most
puzzling forms of symbiosis, and can
be found in all major lineages of Hy-
menoptera. A social parasite exploits
the social organisation of the host
colony, maximising its fitness at the
expense of the resources provided by
the host. Buschinger (1986) estimated
that about 200 ant species are parasi-
tic, mainly occurring in a few genera in
Formicinae and Myrmicinae.

Myrmica has two types of social pa-
rasites, temporary social parasites and
inquilines. Temporary parasites intrude
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the nest of other ant species by force or
using chemical camouflage. Once they
have gained access, they seek out the
queen and assassinate her. The para-
sites are subsequently accepted by the
resident worker force as the new queen.
Gradually, the host workers are replaced
by parasites, until a mature, indepen-
dent colony has been formed.

The most extreme social parasites,
inquilines, permit the host queen to live.
Most advanced inquilines lack a worker
caste. The host workers raise only male
and female (sexual) parasites, and only
workers of their own kind. This results
in high parasite and low host fitness.

Most social parasites are morpholog-
ically adapted to a parasitic life style,
which (Wilson, 1971) termed the in-
quiline syndrome. Alterations include
reduced body size, broadened petiole,
often with a ventral projection, re-
duced sculpture, lack of teeth on the
mandibles, hairiness, and simple spurs
on the middle and hind tibiae (instead
of the pectinate spurs typical for most
Myrmica).

Twelve inquilines are currently
recognised in Myrmica, of which one
(M. symbiotica) is likely a malformed
worker (Radchenko and Elmes, 2003)
and one (M. rubra microgyne) is of
dubious species status (Steiner et al.,
2006). An additional questionable in-
quiline was described based on morpho-
logy only (Boer and Noordijk, 2005).
Five Myrmica species are considered
as temporary social parasites because
they show some of the characters of the
inquiline syndrome, although they are
mostly found independently.

1.4.1 Emery’s rule

Emery (1909) observed a close morpho-
logical resemblance between many so-
cially parasitic ants and their hosts. To
summarise his observations, he formu-
lated the following conjecture:

“Die dulotischen und die vorüberge-
hend wie die dauernd parasiti-
schen Ameisen stammen sämtlich
von nahe verwandten Formen ab,
die Ihnen als Sklave oder Wirtsart
dient.1”

Le Masne (1956) generalised this state-
ment as “Emery’s rule”, which states
that a social parasite and its host are
close relatives.

The loose form of the rule almost al-
ways holds, because most social para-
sites belong to the same genus as their
host, or to a closely related genus. This
is understandable, because similarity be-
tween parasite and host facilitates their
coexistence (Buschinger, 1986). Rare
exceptions to the loose form of the rule
are inquilines of the formicine genus
Polyrhachis, which parasitise ponerine
hosts (Maschwitz et al., 2000, 2003).

The strict form of Emery’s rule
(SFER) is a more restrictive hypothesis.
It makes the phylogenetically testable
prediction that social parasites are the
closest relatives of their hosts.

Emery’s rule gave rise to vivid
polemics about the origin of social pa-
rasites. One camp defends the classical
view, that social parasites arose through
allopatric speciation (Hölldobler and
Wilson, 1990; Ward, 1996; Wilson,
1971). Others argue that parasites
could have evolved sympatrically, di-
rectly from its host (Bourke and Franks,
1991; Buschinger, 1986; Savolainen and
Vepsalainen, 2003).

1The dulotic, the temporary and the permanent socially parasitic ants all originate from nearly
related forms which serve them as slaves or hosts.
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The existence of many social pa-
rasites in Myrmica makes the genus
an ideal test case for the generality
of Emery’s rule. If the loose form of
Emery’s rule applies to recently diverged
species, parasite speciation can hardly
be explained sympatrically. For more
ancient parasites, several historical pro-
cesses such as host switching and ex-
tinction may have obscured the relation-
ships, making it hard to prove sympatric
speciation. The search for evidence of
sympatric speciation should thus con-
centrate on recently diverged taxa where
the strict form of Emery’s rule applies.

1.4.2 Maculinea: socially parasi-
tic butterflies

Myriads of arthropods, including but
not limited to Acari, Staphylinidae, Le-
pidoptera, Collembola, Syrphidae and
Diptera, manage to bypass the rigorous
colony defences of ants (Hölldobler and
Wilson, 1990). These guests are tole-
rated inside or even integrated into the
colony, where they take advantage of the
stable, protected environment and the
quasi-unlimited supply of resources.

A notorious form of social parasitism
is exemplified by Maculinea butterflies.
Caterpillars spend most of their life in-
side a Myrmica colony (Elmes et al.,
1991a; Thomas et al., 1989), where
they pretend to be host brood. Con-
sequently, the ants either actively feed
them (cuckoo species, Maculinea alcon,
Ma. rebeli ; Elmes et al., 1991a,b) or
their brood is eaten by the butterflies
(predatory species, Ma. arion, Ma. ari-
onides, Ma. nausithous, Ma. teleius;
Thomas and Wardlaw, 1992). After li-
ving inside the nest for up to two years
(Schönrogge et al., 2000; Witek et al.,

2006), the adult butterfly imago hatches
inside the nest and exits before being de-
tected.

To survive inside the host colony,
Maculinea needs to avoid being attacked
by host workers. The caterpillars pos-
sess a dorsal nectary organ which pro-
duces secretions that are nutritious for
ants. These secretions may be inter-
preted as a mutualistic benefit to the
ants, or, alternatively, they may merely
appease aggressive ants (Pierce et al.,
2002). To avoid being detected as aliens,
caterpillars further engage in chemi-
cal mimicry and/or camouflage (Akino
et al., 1999). Maculinea rebeli biosyn-
thesise a cuticular hydrocarbon profile
similar to the principle host, Myrmica
schencki (Akino et al., 1999). This en-
sures that host workers consider cater-
pillars as own brood.

1.5 Outline of the thesis

This thesis analyses the phylogenetics
and biogeography of the genus Myrmica
(I, II) and the tribe Myrmicini (III)
using a comprehensive set of molecu-
lar markers. The phylogenetic pattern
of associations between social parasites
in Myrmica and Maculinea on the one
hand and their respective Myrmica hosts
on the other hand was also investigated
(II, IV). Specifically, the following aims
were set:

(i) characterise Nearctic Myrmica using
barcoding as a systematic tool (I)
(ii) assess the ability of barcoding to de-
lineate species groups and species in the
Palearctic (I)
(iii) use the outcome of study (I) as
tentative taxa in a more comprehensive
analysis of species from both Palearctic
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and Nearctic (II)
(iv) test hypotheses of morphological
species groups and interrelationships in
a molecular framework (I, II)
(v) test the monophyly of the tribe Myr-
micini (III)
(vi) infer biogeographical scenarios ex-
plaining the current distribution of Myr-
mica (II) and Myrmicini (III)
(vii) infer the social parasite - host rela-
tionships within Myrmica and test the
generality of Emery’s rule (II)
(viii) compare the relative ages of species
groups of the genus and the ages of so-
cial parasites (II)
(ix) analyse whether there are phylo-
genetic traces of coevolution between
Maculinea and Myrmica (IV).

2 Materials & Methods

2.1 Samples

Most of the samples used in this the-
sis belong to the genus Myrmica. One
study (III) also included representa-
tives of other genera in the tribe Myr-
micini. Colony samples were collected
in Europe (1998-2005); Taiwan (2001);
Japan (2001); Quebec, Canada (2005,
2006); Arizona (2005); Colorado (1998,
2006); Idaho; Utah and Washington,
USA (2006). At least ten individuals
were taken per colony, and stored in
95% ethanol at 4 ◦C. Additional samples
were received from several colleagues
(see acknowledgements in the papers).
In total, almost 400 samples were am-
plified (I, II, III, IV). For about 250
samples a fragment of COI (I) was ob-
tained, but for 150 samples, six (II,
IV) or eight (III) gene fragments were
amplified. Part of the sequences were
shared between two or more studies,

hence the total number of DNA frag-
ments included in this thesis amounts to
about 1250 sequences.

2.2 Selection of molecular
markers

To infer robust molecular phylogenies,
an appropriate choice of genetic markers
is pivotal (Slade et al., 1994). A phylo-
genetically useful gene needs to be ho-
mologous across taxa, reliably alignable
among representatives and sufficiently
variable for the questions asked. Seve-
ral genomic regions have been proposed
for use in phylogenetic studies (reviewed
in Hwang and Won, 1999).

By far the oldest and most popu-
lar markers are located in the mito-
chondrial genome (mtDNA). Mitochon-
drial genes code for proteins and are
thus easily alignable. They are ex-
tremely variable, hence they are use-
ful to study population-level differentia-
tion and closely related species. More-
over, several sets of universal primers
are available (e.g., Folmer et al., 1994).
mtDNA thus seems almost perfect for
phylogenetics and phylogeography, and
therefore has been popular for decades.

Unfortunately, mtDNA also suffers
from several drawbacks (White et al.,
2008). As a maternally inherited
genome, it only represents the history of
part of the population. Also, intraspe-
cific variation may confuse phylogenetic
inference among closely related species.
Finally, recent data suggested that se-
veral processes including introgression,
recombination and male leakage poten-
tially bias inferences based on mtDNA
(White et al., 2008).

Therefore, phylogenetic studies are
increasingly making use of nuclear mar-
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kers (nDNA). One class of nDNA, ribo-
somal DNA (rDNA), is used in phyloge-
netics because it is nearly as variable as
mitochondrial DNA (Dixon and Hillis,
1993). rDNA codes for rRNA, which
forms secondary structures as part of the
formation and functioning of the cell’s
ribosome machinery (Noller, 1984). The
secondary structure of a single strand
of rRNA consists of several stems and
loops. Stems are formed when com-
plementary bases in different parts of
the linear sequence interact in the se-
condary structure of the RNA, forming
pairwise bonds. Mutations in one of
the paired bases in a stem region of-
ten induce a compensating mutation in
the other base (Dixon and Hillis, 1993).
This implies that different regions of ri-
bosomal genes have unequal evolutio-
nary rates, making them ideal candi-
dates for phylogenetic studies. However,
stem base pairing has the disadvantage
that it violates the phylogenetic assump-
tion that all nucleotides evolve indepen-
dently, which may support false inferen-
ces. Also, the alignment of rDNA is of-
ten difficult and unreliable because of
the rapid mutations in loop regions.

Recently, phylogeneticists have
turned their attention to single copy nu-
clear protein coding genes (Slade et al.,
1994). These have several advantages
over both mtDNA and rDNA. Because
protein-coding nDNA codes for func-
tional proteins, reading frames can be
easily inferred. The functionality of the
protein also leads to reduced variabi-
lity. For these two reasons, nuclear pro-
tein coding genes are easily alignable.
However, such genes often include non-
coding introns which are so variable that
they are usually only alignable and use-
ful for closely related species. Depend-

ing on the study design, this may be an
advantage or a disadvantage. The ma-
jor problem of nuclear protein-coding
genes is the lack of sufficient variability,
which necessitates the collection of large
amounts of sequence data.

Each type of marker thus has pros
and cons. Therefore, a combination of
the strengths and weaknesses of several
genes is likely to be the best approach
to infer phylogenetic trees. Moreover,
combining multiple genes yields addi-
tional benefits. First, a high number
of characters improves accuracy and re-
solution (Cummings et al., 1995; Hillis,
1996). Second, the inclusion of several
shorter fragments increases the proba-
bility that phylogenetically informative
sites are available at all depths of the
phylogeny (Cummings et al., 1995; Slade
et al., 1994). Third, detection of disac-
cordance between gene and species trees
becomes more likely as more genes are
sampled. Finally, the use of several gene
fragments avoids long branch attraction,
as substitution rates vary among gene
fragments (Gontcharov et al., 2004).

For the above reasons, the papers
in this thesis use a multi gene ap-
proach, combining mitochondrial genes
(COI, Cytb), nuclear protein coding
genes (AbdA, ArgK, LwRh, EF-1α) and
ribosomal genes (18S, 28S expansion
fragments 1 and 2). The details of the
DNA extraction and amplification pro-
tocols can be found in the Materials and
Methods sections of the papers consti-
tuting this thesis (I-IV).

2.3 Phylogenetic analyses

To infer the interrelationships among
species, the homologous sites in each se-
quence need to be aligned across taxa,
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and the resulting substitution patterns
analysed statistically. This yields bifur-
cating trees, graphical representations of
hypothetical interrelationships in which
all taxa are traced back to their most
recent common ancestor.

Sequences for each gene fragment
were aligned using Mafft (Katoh et al.,
2005). The iterative refinement method
was used, with local pairwise align-
ment information (L-INS-i) for very
variable regions, and global pairwise
alignment information (G-INS-i) for ea-
sily alignable regions. The alignments
were then improved by eye in MacClade
4 (Maddison and Maddison, 2000), ma-
king use of amino acid translations when
possible. This maximised homology and
helped to detect possible pseudogenes
(especially for COI ).

To detect possible sequencing errors
and to assess accordance among gene
trees, each gene fragment was first ana-
lysed separately. For all gene fragments
in all analyses the best-fit nuclear sub-
stitution model was chosen according
to the Akaike Information Criterion in
Modeltest 3.7 (Posada and Crandall,
1998). Finally, all gene fragments were
concatenated into one supermatrix.

Alignments were analysed under the
Neighbor joining (NJ), maximum like-
lihood (ML) and maximum parsimony
(MP) optimality criteria, and using
Bayesian phylogenetic inference (BI).
The NJ and MP served as initial checks
of the consistency of the data, but were
not included in the final analyses.

The likelihood analyses were done
with RaxML 7.0.4 (Stamatakis, 2006).
The data was partitioned in several
ways: (i) unpartitioned data with a Gen-
eral Time Reversible (GTR) DNA sub-
stitution model with gamma-distributed

rate variation among sites (+Γ) and an
estimated proportion of invariable sites
(I) (GTR+Γ+I); (ii) partitioned to gene
regions using GTRCAT for each (for
protein coding genes a separate parti-
tion for the intron, and one for the co-
ding region); (iii) partitioned to gene
regions (as in (ii)) and to codon po-
sition, combining for each protein co-
ding gene the first two positions in one
partition, and the third position in an-
other; (iv) partitioned to mtDNA, rDNA
and nDNA. The topologies were inferred
using the GTRCAT approximation with
1000 rapid bootstraps (to assess statis-
tical support for the nodes in the tree).
A complete ML search was then con-
ducted using the GTRCAT approxima-
tion, but to evaluate the final tree topo-
logy the GTRGAMMA (a conventional
GTR model) was used (this yields stable
likelihood values).

Bayesian phylogenetic inference was
also performed in MrBayes 3.1.2 (Ron-
quist and Huelsenbeck, 2003). The par-
titioning strategies defined above were
used here, too, but the models chosen
by Modeltest were applied to each parti-
tion. All partition parameters were un-
linked, and the standard flat Dirichlet
priors were used. However, the topology
was linked across partitions, with a uni-
form prior. For branch lengths an un-
constrained Dirichlet prior was applied.
Solutions found before convergence and
mixing were removed as burn-in. 50%
majority rules consensus trees were then
calculated, with posterior probabilities
as support values for each split.

The neighbor-joining analyses were
performed in Paup* (Swofford, 1998).
The Kimura 2-parameter (K2P) dis-
tances were used in a heuristic search
with TBR branch swapping. Clade sup-
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port was estimated from 1000 bootstrap
replicates.

Finally, each data set was prelimi-
narily analysed using maximum parsi-
mony in Paup*. Multistate characters
were treated as uncertainties and gaps as
missing data. Some alignments were too
large or complicated to be resolved by
Paup*’s MP algorithm in a reasonable
time. Therefore this thesis concentrated
on statistical phylogenetic analyses.

2.4 Divergence time estima-
tion

Divergence time estimations were per-
formed using penalized likelihood as im-
plemented in r8s 1.71 (Sanderson, 2002,
2003). This method is a semi-parametric
approach to divergence time estimation,
in which a parametric model (a different
substitution rate on each branch) is com-
bined with a non-parametric roughness
penalty (which costs the model more
when rates are changing too rapidly
across branches). Using a smoothing pa-
rameter (λ), the estimation may be ave-
raged between the parametric and non-
parametric component.

To infer absolute rates and ages, the
tree was calibrated with two fossils, Ky-
romyrma (92 Ma) and Myrmica (44.1
Ma). The sensitivity of the results to
these fossil calibrations was tested by
performing two sets of analyses: (i)
Kyromyrma and Myrmica fixed to 92
and 44.1 Ma, respectively, and (ii) Ky-
romyrma fixed to 92 Ma, but Myrmica
constrained to a minimum age of 44.1
Ma.

The majority rule consensus tree ob-
tained from MrBayes was analysed in r8s
using the truncated newton (TN) algo-
rithm. The possibility of multiple op-

tima was explored by repeating all diver-
gence time analyses from multiple ran-
dom starting points, with solutions ran-
domly perturbed.

To put confidence limits on age esti-
mates, results were bootstrapped. One
hundred bootstrap shuffles of the origi-
nal dataset were obtained from Mesquite
2.6 (Maddison and Maddison, 2009)
and used to estimate branch lengths
on the original Bayesian tree using a
GTR+Γ+I model in Paup*. For each
of the bootstrapped trees the divergence
time estimation was repeated in r8s as
explained above. Finally, the nodes of
interest (crown ages of species groups
and parasites) were profiled across the
bootstrapped trees. This provided a
95% confidence interval for the previ-
ously obtained point estimates.

2.5 Coevolutionary analyses

Evidence for coevolution between para-
sitic Maculinea butterflies and Myrmica
hosts was investigated through an as-
sessment of the congruence of their phy-
logenetic trees.

First, a statistical method indepen-
dent of a priori defined phylogenies was
used (ParaFit; Legendre et al., 2002).
This method is well suited to deal with
multiple-host parasites, and was thus
ideal for the purpose intended here.
Parafit uses genetic or patristic (i.e.
summed branch lengths along a phylo-
genetic tree) distances to test the signi-
ficance of a global coevolutionary struc-
ture and the significance of each host-
parasite association. The method tests
the null hypothesis that each parasite
is associated with its host at random.
If coevolution between the parasite and
the host shaped the parasite phylogeny,
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there would be significant structure in
the parasite tree mirroring that of the
host. The non-randomness of parasite-
host associations was assessed with 9 999
permutations in Parafit.

Second, the tree-based method im-
plemented in Treefitter (Ronquist, 1995)
allows the user to test the congru-
ence between two phylogenetic trees
by minimising a cost matrix. Costs
are specified for cospeciation, duplica-
tion, host switching and sorting (Page
and Charleston, 1998; Ronquist, 1995).
These costs are optimised in a genera-
lised parsimony framework: the optimal
fit has the lowest global cost. The Ma-
culinea-Myrmica associations were ana-
lysed using several cost settings. To
examine whether empirical associations
were significantly less costly than asso-
ciations by chance alone, 10 000 per-
mutations of the parasite tree were per-
formed.

3 Results and Discus-
sion

3.1 Systematics

3.1.1 Molecular taxonomy of
Nearctic Myrmica

DNA barcoding uses a standardised,
short DNA sequence, usually COI, as
a reference tag for each species. Using
several methods for species delinea-
tion, barcoding successfully recovered
Palearctic species and species groups,
but performed less well in the Nearctic,
where taxonomic data is wanting.

To divide a set of sequences into
species, and to identify unknown se-
quences, several methods have been de-
veloped. The most popular approach

is to construct neighbor joining trees
delineating clades of similar sequences
(Hebert et al., 2003a, 2004). Further-
more, several authors (Hebert et al.,
2004, 2003b; Smith et al., 2005) argued
that COI sequences show less than 2 or
3 % variability within species, but more
among species. Therefore, sets of se-
quences may be subdivided into species
based on the amount of genetic diver-
gence among them.

Character-based methods search for
diagnostic sites in sequences, i.e. a cha-
racter state that is unique for the mem-
bers of one clade on a phylogenetic tree,
but absent in the other clade (Rach
et al., 2008). By choosing the appro-
priate nodes on the guide tree (which is
provided by the user), characteristic at-
tributes may be found for each species.
New sequences may then be scanned
for the presence of these species-specific
characters.

In this thesis (I) distance-, tree- and
character-based barcoding approaches
were used to explore the diversity and
species number of Myrmica. The bet-
ter known Palearctic taxa allowed tes-
ting of the performance of barcoding
when taxonomic information is satisfy-
ing, whereas the utility of barcoding
in cases of incomplete taxonomic know-
ledge could be assessed with Nearctic
forms.

The tree-based barcoding method re-
covered all Palearctic species groups and
most species, but encountered problems
for closely related or genetically variable
species. It did not allow straightforward
species separation in the Nearctic, but
defined several tentative species groups
by analogy from the species groups in
the Palearctic.

The character-based method yielded
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diagnostic sites for all Palearctic species.
Three closely related species could
only be separated at three diagnostic
sites. Such a small number of diag-
nostic nucleotides, especially if most are
shared with other species, could lead
to misidentification because convergent
mutations may arise in unrelated se-
quences. It could not be determined how
many character differences were needed
to consider two sequences as belonging
to different species. The method was not
used to identify Nearctic species because
the decision of which nodes to choose as
species could not be made in the Nearc-
tic.

Finally, the application of a general
cut-off value (Hebert et al., 2003b; Smith
et al., 2005) to characterise species led to
an incorrect classification of the Palearc-
tic taxa. In the North American sam-
ples, the use of a 3% instead of a 2%
cut-off value yielded a much higher num-
ber of distances interpreted as within-
species variability.

A barcoding gap is thus absent
in Myrmica. The non-existence of
such a gap was also demonstrated in
flies (Meier et al., 2006), grasshop-
pers (Trewick, 2007) and butterflies
(Wiemers and Fiedler, 2007). The ge-
nerality of a gap between intra- and
interspecific variability allowing species
separation is thus highly questionable,
and the method should not be blindly
used in future investigations of poorly
known organisms. Nevertheless, such a
rule may be helpful for preliminary esti-
mations of minimal species numbers, if
used with caution (Wiemers and Fiedler,
2007).

In conclusion, barcoding can-
not always distinguish species which
have been described on morphological

grounds, and it may place a species in
another morphologically defined species
group. DNA taxonomy is limited as a
unique means of delineating new species.
However, it is useful for rapid and easy
assessment of biodiversity, ideally sup-
plementing other sources of information.
The results of this study may be con-
sidered an exploratory, heuristic step in
establishing a molecular phylogeny of
Myrmica.

To address the relationships among
the species and species groups suggested
by barcoding, a more comprehensive
analysis was conducted using more mar-
kers and comprehensive taxon sampling
(II). Without the results of this initial
exploration, choosing Nearctic taxa for a
large phylogenetic analysis of the genus
would have been impossible.

3.1.2 Phylogeny and systematics
of Myrmica

Myrmica is divided into informal species
groups consisting of species that share a
set of morphological characters, such as
the structure of the antenna, the shape
of the petiole and the type of body sculp-
ture (Radchenko, 1995d). In the Nearc-
tic, few species groups have been de-
scribed. Francoeur (1981, 2007) dis-
cussed the close relatedness of several
species of the incompleta group, and
formally established two other groups.
These morphological suggestions need to
be tested with independent information.

Using genetic data, most species
groups were found to be monophyletic,
although a few species were placed in a
different species group than previously
suggested (I, II). In this thesis nine ad-
ditional tentative species groups were es-
tablished in the Nearctic (I). The more
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comprehensive taxon and gene sampling
in (II) also confirmed these Nearctic
species groups, except the hamulata
group, which broke up into two unre-
lated clades (II).

Three species that morphologically
resemble each other did not form a
species group in the barcoding study
(I). Instead, each formed part of a se-
parate species group, which was con-
firmed when more data was available
(II). This morphological similarity may
be explained in several ways. The ana-
lyses may have falsely placed members
of a monophyletic group into distinct
clades. This is unlikely given the large
amount of data used to obtain these
results. Alternatively, the morphologi-
cal resemblance may be a result of con-
vergent selection pressures in allopatric
species. Indeed, Brian (1983) showed
that sympatric Myrmica may coexist by
morphology-based behavioural speciali-
sation to microhabitats, e.g. through
a modified scape structure. If selection
favoured similar solutions in allopatric
populations, unrelated species may have
developed convergent adaptations.

The ritae and scabrinodis species
groups may be further divided into
species complexes (Radchenko and
Elmes, 1998, 2004). For example, the
ritae species group is divided into three
species complexes: boltoni, draco and ri-
tae (Radchenko and Elmes, 1998, 2001b;
Radchenko et al., 2006). The ritae
complex harbours most species, charac-
terised by very coarse head and alitrunk
sculpture and smooth surfaces between
the head rugae. The boltoni complex
has finely rugose or striated heads and
alitrunks, and punctures between the
head rugae. However, the draco complex
combines the coarse alitrunk sculpture

typical for ritae with head and petiole
sculpture similar to boltoni (Radchenko
and Elmes, 2001b; Radchenko et al.,
2006).

The results of this thesis revealed
that the species complexes in the ritae
and scabrinodis groups were not mono-
phyletic. Species complexes are diffi-
cult to define morphologically, and are
not supported by molecular phyloge-
netic data. Therefore they should not
be used for classifying Myrmica.

3.1.3 The tribe Myrmicini

The tribe Myrmicini is typified by Myr-
mica and currently contains seven ge-
nera. Pogonomyrmex comprises about
seventy species found mostly in tem-
perate South America, Mexico, and the
United States (Lattke, 2006). Many
Pogonomyrmex species occur in arid
regions, where they specialise on har-
vesting seeds (Johnson, 2001). Hy-
lomyrma counts thirteen species dis-
tributed from Mexico to southern Brazil,
Paraguay and Argentina (Bolton et al.,
2006; Kempf, 1973). Manica was a sub-
genus of Myrmica and has belonged to
Myrmicini since it was raised to genus.
Four species of Manica are found in
North America, one in Europe and one
in Japan. They are cold adapted and are
mainly found at higher altitudes.

Myrmicini further comprises three
small, enigmatic genera. Eutetramorium
has two species endemic to Madagascar.
It was considered as Tetramoriini, un-
til Bolton (1994) transferred it to Myr-
micini. Huberia consists of two species
only occurring in New Zealand. It has
been a member of several tribes, until
Bolton (2003) placed it in Myrmicini.
Finally, Bolton (1988b) described a third
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small genus, Secostruma, from Malaysia.
He first placed it in Tetramoriini, but
when further studies revealed that Se-
costruma lacked the modified sting ap-
paratus of Tetramoriini, Bolton (1994)
placed it within Myrmicini.

Previous taxonomic research has
thus struggled with the morphological
definition of Myrmicini, leading to con-
siderable taxonomic instability. Pre-
liminary molecular data suggested that
Myrmicini, as defined morphologically,
may not be monophyletic (Brady et al.,
2006; Moreau et al., 2006). In Brady
et al. (2006), Eutetramorium did not
form a monophyletic group with Myr-
mica, Manica and Pogonomyrmex. In
Moreau et al. (2006), Pogonomyrmex,
Eutetramorium and Myrmica clustered
in separate clades.

To evaluate the monophyly and
generic composition of Myrmicini, and
to reevaluate the conflicting ideas re-
garding the relationships among Myr-
mica, Pogonomyrmex and Eutetramo-
rium, the phylogenetic relationships
among the members of Myrmicini were
reconstructed.

The results (Figure 1, III) clearly
demonstrated that the tribe Myrmicini
as currently defined is not monophyletic.
Rather, Myrmicini is a compound
of three unrelated lineages: Myrmica
and Manica, Pogonomyrmex and Hy-
lomyrma, and Huberia and Eutetramor-
ium each formed a monophyletic group.
The lack of apomorphies for Myrmicini
(Bolton, 2003) and the presumably un-
specialised morphology of its consti-
tuting genera may thus be interpreted
as the results of convergence rather
than close relatedness. Bolton (1976)
also noted such morphological similar-
ities between Myrmica and Tetramor-

ium. Morphological resemblances may
thus be misleading when classifying myr-
micine genera.

3.2 Biogeography

3.2.1 Myrmicini

The monophyly of the tribe Myrmicini
may also be questioned from a biogeo-
graphical point of view (III). Divergence
time estimations placed the crown age
of ants at 111-137 Ma (Brady et al.,
2006) or 140-168 Ma (Moreau et al.,
2006). Modern Myrmicinae, including
Myrmica and Pogonomyrmex, are much
younger, and have only been found from
the Eocene deposits and onwards (Myr-
mica in Baltic and Saxonian amber, 44.1
Ma; Pogonomyrmex in Florissant shales,
34.0 Ma; Carpenter, 1930; Radchenko
et al., 2007). However, Madagascar and
New Zealand were separated from other
land masses tens of millions of years be-
fore the rise of ants, since the breakup
of Pangaea 180 Ma ago (Raven and Ax-
elrod, 1974). Genera endemic to re-
mote areas such as New Zealand (Hube-
ria) and Madagascar (Eutetramorium)
are thus unlikely to form a monophyletic
group with genera found in the Holarctic
(Manica, Myrmica). The current com-
position of the tribe therefore would re-
quire a complicated and highly unlikely
biogeographical scenario involving long-
distance dispersals to explain its distri-
bution.

3.2.2 Diversification and disper-
sal of Myrmica

The Palearctic distribution of Myrmica
extends from Siberia to Vietnam, South-
ern China and Taiwan, and from West-
ern Europe to the Far East (Elmes and
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Radchenko, 1998; Radchenko, 1995d;
Radchenko and Elmes, 2001a). Its
Nearctic area stretches from the north-
ern tree line in Canada to the high-
lands of Mexico (Weber, 1947). Most
species groups, however, only occur in
smaller subregions of the Holarctic (e.g.,
scabrinodis in Europe and Caucasia; ri-
tae in subtropical mountains in Asia
and rugosa in the Himalaya). The
genus therefore offers an ideal opportu-
nity to investigate the biogeography of
the Northern hemisphere.

The phylogeny presented in this the-
sis (Figure 2 in II) suggests four disper-
sal events between Palearctic and Nearc-
tic, which are dated between ∼10 and
∼30 Ma. This may be understood in
light of one of the most documented bio-
geographical patterns in the Holarctic.

The remarkable similarity between
the Asian and eastern North Ameri-
can flora and fauna is typically ex-
plained as the remains of a continu-
ous habitat that stretched across the
Holarctic during the Tertiary (Boufford
and Spongberg, 1983; Tiffney, 1985a,b;
Wolfe, 1975). From the Mid Cretaceous
(∼100 Ma) and throughout the Ter-
tiary, northeastern Eurasia was almost
permanently connected to the Nearctic
via Beringia (McKenna, 1983b; Tiffney,
1985a,b). Additionally, the Thulean and
De Geer routes connected Europe and
eastern North America in the late Cre-
taceous and Early Tertiary (McKenna,
1983a; Tiffney, 1985b). The Atlantic
land bridges likely broke down before
they could serve as dispersals routes for
Myrmica (Thulean bridge ∼50 Ma, De
Geer route ∼39 Ma). Intercontinental
dispersals of Myrmica lineages therefore
almost certainly involved the Beringian
bridge, albeit at different times.

Furthermore, divergence time esti-
mates placed the crown age of the
genus around the Eocene - Oligocene
boundary. At that time (34 Ma),
the Terminal Eocene Event (TEE) oc-
curred, one of the most dramatic cli-
matic events of the Tertiary. Global
temperatures decreased rapidly (Zachos
et al., 2001), causing abrupt turnovers
in the European and Mongolian mam-
mal fauna (Hartenberger, 1998; Meng
and McKenna, 1998). The same events
also stimulated the radiation of cold-
adapted groups such as Bombus bum-
ble bees (Hines, 2008). Myrmica fos-
sils were already present in Eocene de-
posits (44.1 Ma), but their scarcity
compared to other ants suggests that
the genus was far from common then
(Radchenko et al., 2007). Radchenko
and Elmes (2001b) theorised that early
Eocene Myrmica lineages were rare un-
til lineages adapted to colder conditions
had evolved. The TEE could thus have
increased the availability of cool habitats
in which modern lineages could radiate
and disperse.

Finally, the uplift of the Tibetan
plateau was initiated by the collision of
India and Eurasia (35-50 Ma), but was
most dramatic at 21 Ma (Harrison et al.,
1992). This period of tectonic activity
was characterised by stochastic changes
in temperature (Hines, 2008). Repeated
phases of cooler and warmer conditions
likely led to expansions and contractions
of suitable habitats. This may have led
to geographic expansions during cold pe-
riods followed by regional contraction
and isolation at high elevations during
warmer periods. Such dynamics may
explain the current presence of phylo-
genetically old, endemic species in the
Himalaya, Vietnam and Taiwan (Elmes
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and Radchenko, 1998; Radchenko and
Elmes, 1998, 2001a).

In conclusion, Myrmica radiated
around the Eocene - Oligocene boundary
during a period of climatic deterioration.
Subsequent uplift of the Tibetan plateau
and climatic oscillations likely isolated
some ancient lineages in southeast Asian
mountain ranges. During cooler periods,
Myrmica could disperse over Asia, Eu-
rope and via the Beringian land bridge
to North America.

3.3 Social parasitism

3.3.1 Satellite genera

Myrmica has several inquilines and
temporary social parasites that can
be recognised by typical morphologi-
cal alterations of the inquiline syn-
drome. Satellite genera were esta-
blished to accommodate these mor-
phologically and behaviourally aberrant
socially parasitic species (Dodecamyr-
mica Arnol’di, Paramyrmica Cole,
Sommimyrma Menozzi and Sifolonia
Emery). Seifert (2007) continues to clas-
sify Myrmica karavajevi in its own sub-
genus. However, the results in this the-
sis showed that these satellite genera
were all nested within Myrmica. These
findings agree with other morphological
studies (Bolton, 1988a; Radchenko and
Elmes, 2003), which reassessed the char-
acters supporting the satellite genera,
and found substantial overlap and syn-
onymised them all with Myrmica.

3.3.2 Applicability of Emery’s
rule

The strict form of Emery’s rule (SFER)
says that social parasites are the closest
relatives of their hosts. This prediction

can be tested using phylogenetic data.
Myrmica has several inquilines and tem-
porary parasites, which makes the genus
a suitable case study for the generality
of this rule.

The results (II) showed that social
parasitism evolved multiple times within
Myrmica, confirming a previous study
on three Myrmica inquilines (Savolainen
and Vepsalainen, 2003). In this the-
sis, three inquilines were sister groups of
their hosts (M. hirsuta, M. quebecensis
and the microgyne of M. rubra). Two of
them diverged very recently from their
hosts, whereas M. quebecensis was more
ancient (∼9 Ma). The latter belongs to a
small Nearctic species group. However,
other species closely related to its host
are unknown.

Before SFER can be said to apply,
careful interpretation of the data is ne-
cessary. SFER may be falsely supported
in three cases. First, inadequate taxon
sampling may have excluded the sister
species of a host. Second, lineages inter-
mediate between parasite and host may
have gone extinct. Third, host switching
or tracking, possibly combined with host
extinction, may have confounded the
original host-parasite relationships. To
minimise the risk of false interpretations
the parasites and hosts were incorpo-
rated in a large phylogeny of Myrmica.
To avoid taxon sampling errors, non-
parasitised species morphologically re-
sembling hosts and parasites were in-
cluded. This strategy is likely to cover
intermediate lineages, because parasites
often retain morphological similarities to
their hosts (Bolton, 1988b; Radchenko
and Elmes, 2003). Further, to identify
cases where host extinction, host swit-
ching and host tracking may have been
important, a divergence time estimation
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was performed. Ancient social parasites
are more likely than recently diverged
parasites to have faced such events, and
are thus less likely to obey SFER (Smith
et al., 2007). Finally, finding multiple
examples of SFER within one genus in-
creases the credibility of the results. The
data in this thesis avoid these pitfalls as
much as possible, and thus strongly sug-
gest that SFER applies to at least three
cases in Myrmica.

Two other inquilines, M. laurae and
M. karavajevi, obeyed the loose form
of Emery’s rule; they both belonged to
clades containing all of their respective
hosts. Both are relatively ancient para-
sites (∼10 and ∼17 Ma, respectively),
leaving ample time for processes that
may obscure SFER. The plausibility of
such events is supported by the observa-
tion that both inquiline species use more
than one host.

Temporary parasites are less likely
than inquilines to obey Emery’s rule.
They only depend on the host in the
earliest stages of the colony cycle, and
may develop their host dependency as an
adaptation to unfavourable conditions.
Indeed, several temporary parasites are
facultatively parasitic (Radchenko and
Elmes, 2003). Moreover, the parasitic
life styles of temporary parasites are of-
ten inferred from their morphology; only
three species have been unequivocally
found in the nests of their respective
hosts in the wild (Francoeur, 2007; Rad-
chenko and Elmes, 2003). One tempo-
rary parasite obeyed SFER, one followed
the loose form and two clustered dis-
tantly from their host.

Despite supporting evidence in Myr-
mica, SFER has not received much sup-
port in other taxa. Social parasites
in wasps and bees form monophyletic

clades, parasitising hosts in other mono-
phyletic clades (Arévalo et al., 2004;
Carpenter and Perera, 2006; Carpen-
ter et al., 1993; Choudhary et al.,
1994; Danforth, 1999; Pedersen, 1996).
Within ants, a similar pattern was
found for two inquilines of Pogono-
myrmex (Parker and Rissing, 2002).
Emery’s rule was also refuted in cladis-
tic studies of the parasitic ant species
Pseudomyrmex inquilinus (Ward, 1996)
and Cataglyphis hennae (Agosti, 1994).
Only in three taxa (allodapine bees,
Acromyrmex ants and Myrmica) did a
mixture of the strict and loose form of
Emery’s rule apply (Savolainen and Vep-
salainen, 2003; Smith et al., 2007; Sum-
ner et al., 2004; this thesis).

The scarcity of cases supporting the
strict form of Emery’s rule implies that
the evolution of social parasitism has
followed vastly different routes. This
scenario opens the door for a stimula-
ting research field, where detailed stu-
dies on the biology, population genetics
and ecology of social parasites may shed
light on how social parasites originate.

3.3.3 Testing cophylogeny be-
tween parasitic Maculinea
butterflies and Myrmica
hosts

Coevolution is a major evolutionary
force and can be defined as recipro-
cal evolutionary change between inter-
acting species driven by natural selec-
tion (Thompson, 2005). Sometimes it
loosely refers to the evolution of one
species caused by its interaction with an-
other (Futuyma, 1998). Strong evidence
for coevolution is obtained if the phylo-
genetic trees of two interacting groups
show a pattern of shared evolutionary
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history (Futuyma and Slatkin, 1983).
Such a cophylogenetic pattern may be
the result of cospeciation, a process in
which speciation in one group is paral-
leled by speciation in the other (Hafner
and Nadler, 1988; Hafner and Page,
1995; Page, 1994; Page and Charleston,
1998).

Maculinea caterpillars live inside the
nest of Myrmica host species, where
they prey upon ant brood, or obtain
food from workers. These intimate as-
sociations require that the caterpillar be
recognised as part of the ant colony. It
therefore biosynthesises specific signals,
cuticular hydrocarbons, ensuring that it
remains undetected. Hydrocarbon pro-
files are species-specific (Elmes et al.,
2002), and therefore require host-specific
adaptations from the parasites.

Local populations of Maculinea alcon
and Myrmica rubra undergo a coevolu-
tionary arms race with reciprocal chemi-
cal adaptation (Nash et al., 2008). It is
thus feasible that Maculinea has speci-
ated in parallel to the diversification of
its hosts. However, Pierce et al. (2002)
pointed out that the relationship be-
tween Maculinea and Myrmica is asym-
metric, because the ants are unlikely to
receive benefits and may use other food
sources.

This thesis (IV) aimed to investi-
gate whether coevolutionary dynamics
have influenced the phylogeny of Mac-
ulinea. DNA sequences of Myrmica and
Maculinea were used to reconstruct the
phylogenies of parasite and host. The
congruence between these phylogenetic
trees was assessed using tree and dis-
tance based tests which search for sig-
nificant patterns of codiversification.

Results showed that the parasite
and host phylogenies were incongruent.

This, however, does not strictly im-
ply that coevolution has had no role
in the evolutionary history of parasite
and host. Analyses may fail to re-
cover a significant coevolutionary pat-
tern when phylogenies are unreliable
(Johnson et al., 2002) or when parasites
colonise multiple host (Banks and Pater-
son, 2005).

Whereas phylogenetic uncertainty
could be excluded, multi-host parasites
could be a possible explanation for the
incongruent parasite and host phyloge-
nies. Multiple host use may be ex-
plained by the existence of cryptic pa-
rasite lineages and by continued gene
flow among parasite populations (Banks
and Paterson, 2005). Interestingly, Fric
et al. (2007) found a basal tree-like
branching structure within several Mac-
ulinea species and suggested that cryp-
tic species may exist (see also Als et al.,
2004).

True multi-host parasitism may re-
sult from two processes involving con-
tinued gene flow among parasite popula-
tions. Parasite populations may remain
in genetic contact after their host has
speciated (failure to cospeciate; John-
son and Clayton, 2003), or they may
colonise a sister taxon of the original
host without losing genetic contact (in-
complete host switching; Clayton et al.,
2003). Because the cuckoo species are
less harmful to the host colony than
brood predators (Thomas et al., 1998),
the evolutionary pressure on the host to
escape parasitism may be lowered and
host switching may be facilitated. In-
deed, these species use several hosts.

Recent host switching events may
further confound the inference of histo-
rical coevolutionary events (Banks and
Paterson, 2005; Weckstein, 2004). Re-

Results and Discussion 25



Phylogenetics of Myrmica ants and their social parasites

cent host switching is likely in Macu-
linea: Danish populations of Ma. al-
con mainly infest Myrmica rubra nests,
but occasionally switch to an alternative
host, M. ruginodis (Nash et al., 2008).
The switch would be necessary for the
parasite to survive the emergence of re-
sistant host populations in the coevolu-
tionary arms race with its host. If this
process is only a recent phenomenon, or
if these dynamics have changed during a
long history of coevolution, the histori-
cal coevolutionary events may never be
disentangled without the development of
methods to separate ancient from recent
events.

Finally, the association of Macu-
linea parasites with their Myrmica hosts
may be ecological rather than coevolu-
tionary, as in toucan lice (Weckstein,
2004). Field observations of the closest
relatives of Maculinea have shown that
larvae sometimes overwinter within ant
nests (Fiedler, 1991). Instead of co-
evolving, the free-living ancestors of Ma-
culinea may have become specialised pa-
rasites of Myrmica (Pierce et al., 2002).
The subsequent specificity of the host-
parasite interaction may be a result of
geographical variation in the distribu-
tion of the butterflies, where each species
opportunistically adapted to a locally
abundant host. The European Macu-
linea may then have emanated from such
locally restricted races.

4 Conclusions and fu-
ture directions

“La classification des Myrmicinae
présente des difficultés presque in-
surmontables. En dehors des tribus
bien caracterisées [...], il y a beau-
coup de genres qui offrent des char-
actères peu marqués et des ressem-

blances multiples.”

— C. Emery, 1921, Genera In-
sectorum, 174A, pp. 1-2

This thesis aimed to address syste-
matic and evolutionary questions per-
taining to the ant genus Myrmica. The
North American species are poorly stu-
died, and therefore required detailed
analyses. Using a high-throughput
DNA barcoding approach (I), tentative
species groups could be established. Un-
fortunately, the methods were not able
to unequivocally delineate species.

Further, this thesis established a
large and well resolved phylogeny of
Myrmica (II). Several interesting ques-
tions were answered, such as crown ages
of lineages in the genus, early biogeo-
graphy and social parasite-host relation-
ships. The molecular results were con-
sistent with previous morphological stu-
dies, confirming the monophyly and con-
stitution of species groups. These results
pave the way for future systematic and
biological studies on the genus.

Such studies should concentrate on
the Nearctic Myrmica. A thorough ta-
xonomic revision is a prerequisite to end
taxonomic confusion and to improve the
understanding of Nearctic diversity. Ef-
forts should be invested in searching for
new species in the Himalaya and the
Nearctic (especially in southern moun-
tain ranges), which may yield more
exotic species that shed light on early
Myrmica diversification. Discovery of
additional fossils may improve diver-
gence time estimations and strengthen
or amend the biogeographical interpre-
tations offered in this thesis. Finally,
more detailed studies on each species
group with better taxon sampling could
enhance the species level taxonomy of
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the genus.
The analysis of the tribe Myrmicini

showed that the taxon is not mono-
phyletic. This illustrates that the clas-
sification of ants is far from settled.
The hyperdiverse subfamilies Myrmici-
nae and Formicinae especially defy sys-
tematisation. They boast a gargan-
tuan species diversity (respectively 6 149
and 3 001 of the 12 500 described
ant species; Agosti and Johnson, 2005),
combining morphologically highly spe-
cialised species and a myriad of unspe-
cialised forms lacking apparent apomor-
phies. Molecular data is equally trou-
blesome, suggesting that this prodigious
diversity was the result of a rapid radi-
ation. Hence, to reliably infer the in-
terrelationships among ants within sub-
families and tribes, an enormous effort
will be required. Such studies will only
stand a chance with a vast amount of
DNA markers and a very densely sam-
pled set of taxa.

The analysis of social parasite-host
relationships within the genus found
support for the strict form of Emery’s
rule in several cases (II). Where the rule
did not hold, the species were older and
historical events could explain why the
strict form did not apply. The genus
thus forms one of the rare examples
where the strict form is valid. Myrmica
therefore presents an ideal case to study
sympatric evolution of social parasitism.

Additional studies need to show how
sympatric populations seggregate. This
may be done with field and experimen-
tal studies on the biology and behaviour
of parasites and hosts. Genetic studies
of gene flow and parentage within pa-
rasitised colonies and dispersal analysis
may yield additional insights.

Nevertheless, because Emery’s rule

seems to be the exception rather than
the rule, sympatric speciation cannot be
the universal evolutionary pathway to
social parasitism. Studies aiming to ex-
plain this evolutionary transition should
thus also pay attention to other taxa
where the rule does not hold. Compara-
tive studies may elucidate which modes
of evolution could lead in parallel to ex-
tremes such as inquiline species. Unfor-
tunately, the rarity of social parasites
presents a major obstacle to the study
of social parasitism.

The test of coevolution between pa-
rasitic Maculinea butterflies and Myr-
mica hosts did not yield any significant
cophylogenetic signal (IV). This could
be explained by several factors compli-
cating the inference of cophylogenetic
patterns with current methodologies.
Alternatively, Maculinea may have spe-
cialised on Myrmica parasitism without
codiversifying. This shows that coevo-
lutionary methods developed in model
systems such as pocket gophers and lice
(Hafner and Nadler, 1988) may be insuf-
ficient in other systems. Intricacies that
arise in case studies of non-model orga-
nisms may therefore expose unrealistic
methodological assumptions. Coevolu-
tionary methodology may be further im-
proved through e.g. the incorporation
of population-level parameters including
gene flow, population size and explicit
probability functions for such factors as
host switching and failure to speciate.

Methodological improvement is also
called for in barcoding. In its current
form it suffers from several drawbacks
and cannot be considered a molecular
approach to species identification and
delineation that will ultimately replace
traditional methods. Rather, DNA ta-
xonomy should be used as a tool assis-
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ting other forms of systematic investi-
gation, and only be applied where its
advantages are apparent, i.e. (i) to ex-
plore unknown or overwhelming diver-
sity, (ii) in cases where a rapid assess-
ment is necessary, such as in endan-
gered taxa, (iii) when cryptic species are
expected or (iv) to identify early life
stages. However, every use of barco-
ding should take into account that the
method only yields preliminary results
which will almost certainly change when
more data is obtained. DNA taxonomy
is a newly developed tool complementing
the already available array of taxonomic
methods (morphology, ecology, biogeo-
graphy, ...). If these limitations are clear
and accounted for, DNA barcoding may
still give taxonomy the thrust promised
by its proponents.

Finally, phylogenetics is undergoing
a major methodological shift, brought
about by the increasing use of multi-
ple loci. The emergence of genomic
tools, recently transferred to non-model
organisms, and the decreasing costs of
genome-scale sequencing will facilitate
complex phylogenetic studies, but will
unavoidably raise analytical challenges
(Brito and Edwards, accepted).

Current phylogenetic practice con-
catenates several genes and thus ta-
citly assumes that phylogenies derived
from genetic markers (gene trees) are
identical to the phylogeny of the whole
genome (species trees). However, pro-
cesses such as introgression, horizontal
transfer, gene duplication, or incomplete
lineage sorting (deep coalescence) may
invalidate these assumptions (Maddison,
1997). Indeed, phylogenomics has re-
cently highlighted that discordance be-
tween gene trees and species trees is
more common than anticipated (Delsuc

et al., 2005).
Newly developed methods such as

Bayesian estimation of species trees (Liu
and Pearl, 2007), Minimum deep co-
alescence, Shallowest divergence clus-
tering (Maddison and Knowles, 2006)
and Genetree parsimony (Page and
Charleston, 1997) aim to explicitly in-
fer species trees from a collection of
gene trees, taking into account insights
from coalescence theory and popula-
tion genetics (Brito and Edwards, ac-
cepted). Such advanced methods brid-
ging population genetics and phyloge-
netics promise increasingly reliable and
larger-scale phylogenies, allowing com-
plex, crucial evolutionary questions to
be asked and answered. These may ul-
timately also benefit the phylogenetic
study of ant diversity and resolve ap-
parent polytomies resulting from rapid
radiations in several ant lineages.
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Thanks also to André for helping me find
and determine Nearctic ants. This PhD
would never have been possible with-
out the many, many people who sent
me samples to work with. My sincere
thanks to all of you!

A PhD is an overencumbering
Sisyphos task... leading through cloudy
mists and over the top of the mountain...
I am glad to have such fine friends...
helping me to stop the spinning rock in
its destructive path... bringing it back
into my aching hands... Thank you for
inspiration, relaxation, affection and ab-
solution!...

Hendrik, you have always been avail-
able for the most complete, profound
discussions... about any possible sub-
ject that ever crossed my mind... We are
both pretending to be Zeitbloms, while
desperately avoiding to look into each
others eyes where the truthful höllisches
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