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ABSTRACT

ABSTRACT

There are intricate links between the evolution
of sociality and the spatial population structures
created by dispersal. In ants, the evolution of the
most complex societies, supercolonies, is strongly
connected to limited dispersal. The supercolonies
consist of hundreds of interconnected nests where
thousands of queens and their workers cooperate over
large areas. Supercolonies arise from simpler family
units when large proportions of daughter queens are
philopatric and stay in their natal colony as additional
reproducing queens instead of dispersing by wing, This
allows the colonies to grow quickly and colonize large
areas, but also increases social conflicts due to very
low local relatedness in these societies.

In this thesis I inspect the evolution and maintenance
of ant supercolonies, by focusing on dispersal traits and
the consequences of dispersal in socially polymorphic
Formica ants. Formica have both simple family-based
monodomous colonies and complex supercolonies,
and some species have also intraspecific variation. To
lay a sound theoretical background for my work, I
began by synthesizing current knowledge of dispersal
evolution in ants. In my literature review I showed
how eco-evolutionary feedbacks link the evolution
of ant dispersal strategies and social organization,
and pinpointed the most relevant future research
directions. Next, to be able to inspect some of the
hypotheses formulated in the review, I clarified the
species identification of one of my intended study
species, Formica_fennica with molecular methods, and
concluded that the populations I studied should be

treated as conspecific to Formica exsecta.

I analyzed the individual dispersal traits of six socially
variable species of Formica ants to assess whether
dispersal ability varies between monodomous and
supercolonial societies in accordance to the observed
behavioral difference. According to my results the
dispersal behavior of these speciesis likely not restricted

by their morphology or resources the individuals get
from their natal colonies. The traits of all species and
both sexes indicate good flight ability, with overall male
bias and large variation both among and within species.
The increased philopatry in supercolonial species and
populations is more a behavior change: the queens are
philopatric even though the society provides them
resources for dispersal. However, I observed a small
decrease of male flight muscle ratio in supercolonial
species, which indicates strong coevolution of the

SE€Xes.

In order to better understand the outcomes of
limited dispersal in supercolonial Formica, I analyzed
the behavioral and genetic structure of a dense
supercolonial population of Formica pressilabris. The
population is genetically viscous at a small spatial
scale, but still not genetically structured by location
on a larger spatial scale. This indicates that although
dispersal is limited within the population, a large
enough proportion of individuals do disperse to keep
the local populations connected. Interestingly, when
analyzing worker behavior among the polydomous
nests, the observed aggression pattern indicates that
they are not a single cooperative unit — but also not
clearly separate colonies. The sensitive behavioral
assay developed for this study shows that workers
allow a proportion of individuals from outside nests
to enter their own nest material, but are slightly more
aggressive towards individuals from further away. This
indicates the population is only partially cooperative
over the whole nest aggregation, and shows that the
inner structures of supercolonies should be analyzed

in more detail.

This thesis sheds light on ants’ dispersal ability and
behavior, and demonstrates the crucial role of dispersal
in the evolution of their different social structures. My
results also raise new questions about possible conflicts

over dispersal in ant societies.
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TIIVISTELMA

Sosiaalisuuden evoluutiolinkittyy vahvastisiithen, kuinka
clidt hajaantuvat elinympiristoonsd levittdytymisen
seurauksena. Muurahaisten monimutkaisimpien yhteis-
kuntien, superkolonioiden, evoluutio on yhteydessd
rajoittunceseen  levittdytymiseen.  Superkoloniat
koostuvat sadoista toisiinsa yhteydessd olevista pesista,
joissa tuhannet kuningattaret ja niiden tyéldiset
tekevit yhteisty6td laajoilla alueilla. Superkoloniat
syntyvit yksinkertaisemmista perheyksikoistd, kun
suuri osuus tytirkuningattarista jai synnyinkoloniaansa
ylimadraisiksi ~ lisidntyviksi ~ kuningattariksi ~ sen
sijaan, ettd lentdisivit muualle. Tdmén seurauksena
yhteiskunnat voivat kasvaa nopeasti ja suurille alueille,
mutta samalla sosiaaliset ristiriidat lisdantyvit, koska

paikallisesti sukulaisuus laskee hyvin alhaiseksi.

tutkin

evoluutiota ja toimintaa sosiaalisesti monimuotoisilla

Tdssa  vaitoskirjassa superkolonioiden
suomumuurahaisilla (Formica), keskittyen levittayty-
miseen liittyviin ominaisuuksiin ja levittiytymisen
seurauksiin. Formica-muurahaisilla on sekd yksi-
pesdisid perheryhmiin perustuvia kolonioita ettd
monimutkaisia superkolonioita, ja joillakin lajeilla
on myo6s lajinsisdistd vaihtelua. Luodakseni tyélleni
vahvan teoreettisen pohjan, aloitin kokoamalla yhteen
nykytietimyksen muurahaisten levittdytymisen
evoluutiosta. Katsausartikkelissani osoitan kuinka eko-
evolutiiviset takaisinkytkennét liittavat levittaytymis-
strategioiden evoluution ja sosiaalisen rakenteen
toisiinsa. Hahmottelen my®s tiarkeimpid tulevaisuuden
tutkimussuuntia. Voidakseni tutkia katsausartikkelissa
muotoilemiani varmistin

hypoteeseja, suomen-

loviniskan  (Formica  fennica)  lajintunnistuksen
molekulaarisin menetelmin. Totesin, ettd geneettisen
samankaltaisuuden  vuoksi  tutkimuspopulaatioitani
tulee kasitelld karvaloviniskan (Formica exsecta) kanssa

samaan lajiin kuuluvina.

Analysoin kuuden sosiaalisesti erilaisen Formica-lajin
yksiléiden levittaytymisominaisuuksia selvittaaksen,
vaihteleeko niiden yksipesiisten ja superkoloniaalisten
yhteiskuntien  levittdytymiskyky —samalla  tavalla
kuin niiden levittaytymiskayttdytymisen tiedetddn
vaihtelevan. Osoitin, ettd ndiden lajien kayttaytyminen
ei todenndkdisesti riipu yksiléiden morfologiasta

tai resursseista, joita ne saavat synnyinkolonioiltaan.

Jokaisen tutkimani lajin ominaisuudet viittaavat siithen,
ettd seka koiraat ettd kuningattaret osaavat lentd hyvin.
Koirailla on parempi lentokyky kuin kuningattarilla, ja
sekd lajien valilld ettd lajien sisdlld yksiloiden valilla
on suurta vaihtelua. Se, ettd superkoloniaalisten
lajien kuningattaret jadvdt synnyinkoloniaan on siis
kéyttaytymispiirre: ne jadvat, vaikka yhteiskunta antaa
niille tarvittavat resurssit levittiytymiseen. Havaitsin
kuitenkin, ettd superkoloniaalisilla lajeilla koiraiden
lentolihasten koko on pienentynyt, mika viittaa
sukupuolten yhteisevoluutioon.

Ymmartaakseni rajoittuneen levittdytymisen
seurauksia superkoloniaalisilla  Formica-muurahaisilla,
analysoin kaljuloviniskan (Formica pressilabris) tiiviin,
superkoloniaalisen ~ populaation  kéyttaytymistd ja
geneettistd rakennetta. Osoitin, ettd populaation sisilld
liheiset pesit ovat geneettisesti samankaltaisempia
kuin kaukaisemmat pesdt, mutta ettd suuremmassa
mittakaavassa populaatiot eivit silti suuresti eroa
geneettisesti toisistaan. Tama viittaa sithen, ettd vaikka
levittdytyminen on rajoittunutta populaation sisalld,
tarpeeksi suuri joukko yksilditd silti lentdd alueelta
toiselle, ja eri paikallispopulaatiot ovat yhteydessa
toisiinsa. sisdisen

Superkolonian kéyttdytymisen

analysoiminen  osoitti  mielenkiintoisen  seikan:
tyoldisten vaihtelevasti aggressiivinen kdytos viittaa
sithen, ettd kaikki pesdt eivit kuulu samaan yhteisty6ssa
olevaan yksikkéén — mutta pesien vilille on silti
mahdoton osoittaa selkeitd rajoja. Tatd tutkimusta
varten kehitetty herkka kayttaytymisanalyysi osoitti,
ettd tyoldiset sallivat muiden pesien tyélaisten tulla

hiukan

aggressnwsempla mita kauempaa Vleralll]at ovat

omalle pesimateriaalilleen, mutta ovat
perdisin. Tdmd viittaa sithen, ettd populaatio on
vain osittain yhteistyGssi koko pesirykelmin alalla.
Superkolonioiden sisdistd rakennetta kannattaa jatkossa

tutkia aiempaa yksityiskohtaisemmin.

Tami vaitoskirja valottaa muurahaisten levittaytymis-
kykyd ja -kayttaytymistd, seckd ndyttda levittiytymisen

linkittyvan vahvasti sosiaalisten rakenteiden

evoluutioon.  Tulokseni  heridttivit my6s uusia

kysymyksid levittaytymiseen mahdollisesti liittyvistd
ristiriidoista muurahaisyhteiskunnissa.
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1 INTRODUCTION

1.1 KIN SELECTION EXPLAINS SOCIAL
EVOLUTION

Understanding social evolution is fundamental for
our understanding of most biological systems, from
genomes to eukaryote cells,and from multicellularity to
social groups and societies. The increasing complexity
of biological organization has evolved through major
evolutionary transitions, where originally independent
units come together and evolve to function as a single
entity (Szathmary and Maynard Smith 1995, Szathmary
2015). The major evolutionary transitions, and the
evolution of cooperation and altruism that are needed
for them, can be explained with kin selection (inclusive
fitness) and multilevel selection frameworks, from
which the kin selection framework is more formally
constructed and more widely accepted (Abbot et al.
2011, Kramer and Meunier 2016, Birch 2017).

The kin-selection theory explains how altruistic
behavior can evolve even though it is harmful for the
actor’s direct fitness: generalized Hamilton’s rule
states that an altruistic trait can be selected for if the
benefit to others (b) multiplied by relatedness between
the two individuals (r) is higher than costs to self (c)
(Hamilton 1963; Hamilton 1964 a & b; Maynard Smith
1964, Queller 1992a).

b*r>c

The benefits and costs are measured as changes in
fitness — in practice usually as the number or biomass
of offspring produced. In the kin selection framework,
an organism’s fitness is divided into two components:
direct fitness that the organism gets through producing
own offspring, and indirect fitness that it gets by
helping other individuals produce more offspring
that share some of their genes (or alleles) with it.

These two fitness components produce inclusive

fitness, a much used concept for understanding social
adaptations. At its extreme, kin selection can lead to
completely forgoing one’s own reproduction in order
to help relatives to reproduce. There is overwhelming
evidence for the notion that social behavior correlates
with relatedness across all domains of life, providing
empirical support for kin selection theory (Bourke
2011). All interactions between two organisms can
be analyzed under the kin selection framework — not
just those that are harmful for the actor and beneficial
for the recipient (altruism), but also those that are
beneficial for both (cooperation), harmful for both
(spite) or beneficial for the actor but harmful for the
recipient (selfishness) (Hamilton 1970, 1972).

In the multilevel selection framework the focus
is, instead of individual actors and their inclusive
fitness, on the different levels of natural selection,
from cells to individuals to social groups, and on
the notion that there can be adaptations on all these
levels (Okasha 2006). Especially when discussing the
major evolutionary transitions and the evolution of
individuality on different levels of organization, this way
of framing the discussion has some benefits (Szathmary
and Maynard Smith 1995, Okasha 2006, Szathmary
2015). Despite the sometimes heated debate, these
two frameworks are not mutually exclusive and can be
used as complementary (Kramer and Meunier 2016).
In this thesis, I follow the framework of kin selection
theory, while discussing natural selection acting on
multiple levels.

1.2 DISPERSALAND SOCIALITY

Any movement of individuals or their propagules that
can lead to gene flow is dispersal (Ronce 2007). If an
organism does not disperse away from its relatives, it

will compete for resources with them, which is usually
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harmful for its inclusive fitness and considered one
of the main selective pressures for the existence of
dispersal (Hamilton and May 1977, West et al. 2002).
However, this problem is partially overcome if staying
close to relatives brings some additional benefits
through social interactions. Limited dispersal and the
resulting genetically viscous population structures
often promote altruism (Taylor 1992, Lehmann et al.
2008, Kimmerli et al. 2009, Platt and Bever 2009,
Gardner 2010, Van Dyken and Wade 2012), although
the exact relationship between limited dispersal and
altruism is far from simple and depends greatly on
both ecological and social factors (Queller 1992b,
Kimmerli et al. 2009, Gardner 2010).

Natal philopatry, where individuals forgo or delay
dispersal and instead stay in their birth site or social
group, is common in social animals (Greenwood 1980).
This means they are balancing the benefits arising from
philopatry (cooperation and altruism), and the negative
effects of limited dispersal: increased kin competition
(Hamilton and May 1977, West et al. 2002), increased
inbreeding that leads to reduced genetic diversity and
inbreeding depression (Bengtsson 1978, Motro 1991,
Perrin and Goudet 2001), and increased risk of local
extinction (Van Valen 1971, Bowler and Benton 2004,
Burgess et al. 2016). Because changes in dispersal
strategies can kindle both cooperation and conflict
among individuals, it is beneficial to analyze dispersal
in the light of social evolution (Chapter I).

1.3 ANTCOLONYAS A SUPERORGANISM

Ants and other eusocial hymenopterans (Wilson
1971) can be considered to be superorganisms
that have evolved individuality at the society level
(Wheeler 1911, Boomsma and Gawne 2018). In
these societies, only queens and males reproduce and
can thus be considered equivalent to germ line cells
in multicellular organisms, whereas female workers
help them reproduce, equivalent to somatic cells.
Workers pass their genes to future generations by
helping related queens reproduce and kin selection
maintains altruistic traits in the population (Hamilton
1964 a & b). Ant colonies are more or less sessile, and
the superorganism disperses only through its daughter
queens and males (Figure 1), who in most species leave
the colony for mating flights, after which the males die
and the daughter queens found new colonies (Wilson
1971; Holldobler and Wilson 1990).

Eusociality has always evolved through parental care in
nesting animals, where some of the offspring stay and
help their parents (Wheeler 1928, Nowak et al. 2010,
Socias-Martinez and Kappeler 2019). Phylogenetic
reconstructions show that in ancestral hymenopteran
societies there was only one singly mated queen, and
all the helpers were her daughters (Hughes et al. 2008,
Boomsma 2009). Thus, relatedness within a colony was
high, making altruism beneficial for all members of the
society in a wide spectrum of ecological conditions.
This explains the evolution of obligate altruism and

Figure 1. Formica pratensis sexuals at the time of dispersal. On the left a winged daughter
queen walking on the nest surface. On the right a male that has climbed on the tree branches
immediately above the nest. In monogynous and monodomous F pratensis, both sexes leave the
nest and mating happens somewhere outside the nest.
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Figure 2. A highly polydomous Formica exsecta colony. Each nest is highlighted with
an orange circle, and only a fraction of the nests is shown in the picture. The workers move
freely among the nests.

permanently physically differentiated castes that we
see in today’s social Hymenoptera, although multiple
mating and other relatedness-decreasing behaviors
have since evolved (Hughes et al. 2008, Boomsma
2009, Boomsma et al. 2014, Boomsma and Gawne
2018). Traditionally eusociality has been considered
“the highest type of social organization” (Allee 1927),
and this idea is still often enforced (see for example
Kappeler 2019). However, myrmecologists have long
known there are different levels of social organization
in ants, reaching beyond the family-based societies
described above (Heinze 2007).

1.4 SOCIAL ORGANIZATION IN ANTS

Several queens cooperating and sharing their resources
— including the colony and worker forces — is common
in ants: 23% of the species have at least occasionally
polygynous societies (societies with multiple queens),
and in many species polygyny is more the rule than
exception (Boomsma et al. 2014). Ant polygyny
commonly arises through natal philopatry: some of
the daughter queens stay in their natal colony as extra
queens, instead of dispersing away (Boomsma et al.
2014). This is beneficial when long-range dispersal

10

is risky due to ecological reasons such as nest-site
limitation, highly variable environment, high predation
and low success of nest founding: the staying daughter
queens benefit from the existing colony that allows
them to reproduce immediately, and the whole colony
benefits from the competitive advantage they gain from
the extra egg-layers and increased size (Hélldobler and
Wilson 1977; Keller 1993; Bourke and Franks 1995;
Keller 1995; Bonte et al. 2012; Boomsma et al. 2014).
The workers allow daughter queens to stay, because
it is beneficial for them, too (Rosengren et al. 1993;
Bourke and Franks 1995).

Additionally, many polygynous ant taxa have a derived
nesting strategy where instead of a single nest, the
society divides to multiple interconnected nests,
forming a polydomous colony where individuals
move among the nests (Figure 2, Debout et al.
2007, Robinson 2014). Polydomy increases foraging
efficiency and allows the society to gather more
resources, enabling it to grow even larger (Debout
et al. 2007; Robinson 2014). Polydomy is not always
connected to polygyny, but when it is, the colonies
can grow very big given that the habitat patch is good
enough to support the growing society (Boomsma et

al. 2014).
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There is a drawback to high polygyny and social
complexity, though. All cooperative organisms are
vulnerable to evolutionary conflicts arising from
different individuals having different optimal strategies
(Parker 2006, Cant 2012). Selfish behavior and even
cheating may evolve as a result of these conflicts (Ghoul
etal. 2014). In ant societies, when relatedness among
colony members is low, as it is when there are more
egg-laying queens, social conflicts increase (Bourke and
Franks 1995, Crozier and Pamilo 1996). Ant societies
have conflicts over sex- and caste allocation, over who
gets to reproduce, and over brood rearing, but they
usually also have good kin-selected conflict resolution
mechanisms that keep the societies functional (Bourke
and Franks 1995, Crozier and Pamilo 1996, Ratnieks
etal. 2006).

If the polygynous and polydomous colonies grow
very big and consist of hundreds of interconnected
nests where thousands of queens and their workers
cooperate, they are called supercolonies (Helanterd
et al. 2009). By some definitions, a colony larger
than the distance an individual worker can cross, is a
supercolony (Pedersen et al. 2006), whereas others
set size limits such as over a million workers (Moffett
2012). Supercolonies seem to grow with no internal
control of their size, restricted only by ecological
factors (Moffett 2012). All these definitions apply to
the most studied supercolonial species, Argentine ants
(Linepithema humile), whose invasive supercolony has
spread over the whole Mediterranean coast, or even
through the whole globe (Giraud et al. 2002, Wetterer
et al. 2009, Van Wilgenburg et al. 2010). However,
Lester and Gruber (2012) point out that the most
important defining factor of any ant colony should be
the functional connection of nests: if all the nests do
not share resources and workers in natural landscapes,
they should not be considered a single colony.
Supercoloniality has been reported in a wide variety
of ant taxa (Helanterd et al. 2009), but not all of them
have been tested for all aspects of connectedness and
functionality (Hoffmann 2014).

Because of the extremely high numbers of egg-
laying queens and worker movement among the
interconnected nests, the members of supercolonies are
not closely related, but instead the average relatedness
may approach zero when measured at local scale within
the supercolony (Bourke and Franks 1995, Giraud et
al. 2002, Helantera et al. 2009).The relatedness can be

estimated by comparing genes shared among nestmates
to these genes’ average frequencies in the population,
which makes the measure sensitive to inbreeding
and spatial genetic structures such as population
viscosity (Pamilo and Rosengren 1984; Queller and
Goodnight 1989; Crozier and Pamilo 1996). This
means the relatedness should be analyzed on relevant
spatial scales that correspond to the true scales of
competition (Chapuisat et al. 1997). Supercolonies
present an evolutionary paradox, because under such
low local relatedness altruistic individuals do not
gain indirect fitness benefits (Helantera et al. 2009).
Selection for worker traits is relaxed because their
altruism is not directed towards close relatives that
could pass on their genes, and additionally selection
for selfish behavior is expected to increase (Helanterd
et al. 2009). Supercoloniality has likely evolved by
overshooting of the kin-selected superorganismality
and altruism, but it remains unclear how supercolonies
are maintained in evolutionary time scales — or
whether they are evolutionary dead ends (Helantera et
al. 2009, Boomsma et al. 2014).

Regardless, supercolonies are ecologically very
successful and typically dominate large habitat patches,
and several of the supercolonial species have become
harmful invasive pests all over the globe (ISSG 2015).
This is in line with the notion that increased social
complexity increases ecological success in wide
variety of animal taxa (Brooks et al. 2017, Cornwallis
etal. 2017, Kappeler 2019). Many ant taxa are socially
polymorphic and have different types of colonies,
likely because social polymorphism is adaptive in
changing environments (Schradin et al. 2018). Because
ecological and social adaptations are closely linked in
such a way, studying social polymorphism will aid in
understanding the ecological success of social taxa.

1.5 DISPERSALAND SUPERCOLONIALITY

Ants have very variable dispersal strategies, derived
from the ancestral strategy of natal dispersal by winged
young males and queens, combined with independent
colony founding by the queens (Hélldobler and
Wilson 1990, Bourke and Franks 1995, Heinze and
Tsuji 1995, Heinze 2007, Keller et al. 2014). I review
this diversity in detail in Chapter I. Ant dispersal
coevolves with mate localization, and the last phase of
dispersal, colony founding, sets important constraints

11



SUMMARY

on dispersal evolution especially for the queens
(Holldobler and Bartz 1985, Heinze and Tsuji 1995,
Helms and Kaspari 2015, Peeters and Aron 2017).
I hypothesize that male-biased dispersal is likely
common in ants because there is a strong difference
in the trade-offs between dispersal and reproduction
between the sexes (Zera and Denno 1997; Marden
2000; Perrin and Goudet 2001, Helms 2018, Chapter
I). The nest founding phase and the subsequent society
life set more restrictions on the queen life history, and
possibly due to this, most of the derived ant dispersal
strategies are characterized by limited queen dispersal
(Heinze and Tsuji 1995). So far, the existence of overall
male bias in ant dispersal has not been conclusively
tested.

Limited dispersal is an inbuilt part of supercoloniality,
as supercolonies arise through increased philopatry of
the daughter queens (Helantera et al. 2009; Boomsma
et al. 2014, Chapter I). All supercolonial ants show a
tendency to poor dispersal, and some supercolonial
species have lost their flight ability partially or
completely: In Argentine ants only the males fly
(Wilmon and Barber 1913), whereas is Monomorium
pharaonis both sexes are flightless (Bolton 1986, Fowler
etal. 1993). In Technomyrmex albipes, a colony is founded
by a flying queen, but the subsequent generations
that help it grow into a supercolony are produced
by flightless intercaste females and flightless males
(Yamauchi et al. 1991). Also supercolonial Formica
have frequently been described as poor dispersers (e.g.
Chapuisat et al. 1997; Seppi et al. 2012; Schultner
et al. 2016), and some Formica supercolonies have
been suggested to be sink populations with very little
dispersal outwards (Seppa et al. 2004). However,
unlike in some of the other supercolonial taxa that
are physically unable to fly, in supercolonial Formica
it is unclear whether the increased queen philopatry
reflects their dispersal ability and resources they get
from their natal colonies, or whether it is a behavioral
change.

It has been theorized that frequency-dependent
selection should maintain dispersal even when a large
proportion of queens are philopatric (Rosengren et
al. 1993). According to this theory, queen philopatry
should be favored only when the habitat patch is good
enough to support the growing society, when there
would be no inclusive fitness costs through increased
competition for any members of the society — as may
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be the case in the beginning of supercolony formation
(Rosengren et al. 1993; Boomsma et al. 2014). The
workers should raise their threshold for accepting
young queens back in the society, when the society
gets overcrowded (Rosengren et al. 1993). However,
this theory has not been tested, and it is not clear
whether dispersal in supercolonies is regulated this
way. Instead supercolonies seem to grow with no
internal control of their size, which may be one of
the main attributes separating them from other ant
colonies (Moffett 2012). In this thesis I analyze the
connection of supercoloniality and dispersal in socially
polymorphic Formica ants.

2 AIMS OF THE THESIS

This PhD thesis deals with the evolution of social
polymorphism in ants. The overall aim of my work is to
provide new insights into evolution and maintenance of
the most complex ant societies, highly polygynous and
polydomous supercolonies where relatedness is very
low (Helantera et al. 2009). My theoretical work and
empirical study questions focus on the phenomenon
that has created these complex societies in the first

place: limited dispersal (Table 1).

In Chapter I, I synthesize the current knowledge of
dispersal evolution in ants, focusing on the interplay of
social evolution and dispersal evolution. Additionally, I
outline a research program to fill the knowledge gaps
about ant dispersal.

In Chapter II, in order to analyze the evolutionary
patterns in the later chapters, I clarify the species
relationships and identification of two of the intended
study species and populations, E exsecta and E fennica.

In Chapter III, I test a hypothesis of the connection of
social organization and dispersal ability in six species
of Formica ants with differing social organizations, and
two socially polymorphic species. With analyses on the
individual dispersal traits I assess whether dispersal
ability is lowered in the species and populations whose
queens are often philopatric. I also analyze whether
dispersal ability is better in males than in queens.

In Chapter IV, linspect the outcome of high philopatry
in Formica by inspecting the behavioral and genetic
structure of a supercolonial population of E pressilabris.
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Table 1. Summary of the main study questions and results of the chapters of this thesis.

Chapter Study questions Main results

I What are the causes and consequences of the Ant dispersal evolution and social evolution are strongly
different dispersal strategies in ants? Where are  linked through eco-evolutionary feedbacks. Ant
the biggest knowledge gaps? dispersal strategies are very variable and there are a lot

of knowledge gaps, especially about male strategies.

Il Are the currently identified F. fennica The studied F. fennica populations should be considered
populations genetically differentiated from F. morphs of F. exsecta.
exsecta?

11 Does individual dispersal ability reflect the Queen morphology does not reflect the social
dispersal behavior and social structure of the organization, but surprisingly male morphology does.
species? Is Formica dispersal ability sex biased? Males have better dispersal ability overall.

v Are there signs of limited dispersal within and Dispersal is limited within the supercolony field, but

away from a Formica supercolony? Is the
population truly a single cooperative unit?

there are signs of dispersal away from it. The population
is not a single cooperative unit, but also does not have
clearly defined internal borders.

3 MATERIALS AND METHODS

31 FORMICAANTS

Formica is a key ant genus in boreal habitats, with
extreme variation in social systems and dispersal
strategies both among and within species (Table 2,
Collingwood 1979; Rosengren and Pamilo 1983;
Pamilo and Rosengren 1984, Seifert 2000). Unlike
most other supercolonial ant genera, Formica has
several closely related supercolonial or potentially
supercolonial species (Helantera et al. 2009, Schultner
et al. 2014). This allows me to compare species with
evolutionarily young polydomous and supercolonial
societies to closely related monodomous species. All
of my study species have winged sexuals regardless of
their social organization (Figure 1, Table 2), but their
flight ability or dispersal behavior has not been studied
in detail. However, the overall gene flow patterns of
Formica ants can be inferred from the large number
of population genetic studies done in earlier decades
with several Palearctic species (Sundstrom et al.
2005). Thus, Formica ants are a perfect study system
of the interactions between the evolution of social
organization and dispersal.

3.2 FIELD SAMPLING

I did all my field work in the vicinity of Tvarminne
Zoological station in southern Finland, during
summers 2015-2017, mapping and monitoring the
field colonies and collecting samples (Figure 3). When
the ants were brought to the laboratory for either
maturation (Chapter III) or behavioral assays (Chapter
IV) they were kept in room temperature and natural
light cycle in plastic boxes coated with fluon, and
the nests were watered daily and fed with Bhatkar &
Whitcomb diet (1970).

For Chapter II, I used worker samples collected during
2005-2015 from 128 Formica (Coptofomica) nests
all over Finland. These samples were obtained from
the Natural Resources Institute Finland, and other
collaborators. For Chapter 1III, I sampled altogether
1580 young males and queens from six different
species, representing two different social organizations:

simple monodomous societies (F pratensis, E exsecta, E

_fusca) and complex supercolonial societies (F. aquilonia,

E pressilabris, E cinerea). For socially polymorphic
E exsecta and E pressilabris 1 collected additional

13
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Table 2. Formica species sampled for the chapters of this thesis.

Taxonomic Nest Social structure ** Chapter
Species .

group founding * mg  pg pd s 11 111 v
F. fusca Serviformica i x x x
F. cinerea Serviformica i,d x x x x
F. pratensis F. rufa group p X [CSINES) X
F. aquilonia F. rufa group d, p x)  (x) x X
F. pressilabris Coptoformica d, p x X x x X x
F. exsecta Coptoformica d,p x X X X X x X
F. fennica / exsecta'rubens" Coptoformica d, P x x x x x x
F. suecica Coptoformica d, P X X X X
F. for:s]undj Coptqformica d, P % ? x

* Queen’s ability to found new nest: i=independent (completely alone), d=dependent (with help of workers from their natal
colony), p=parasitism (queen enters an unrelated colony as a social parasite).

** The number of queens in a society: mg=monogyny (one queen in a colony), pg=polygyny (several queens in a colony),
pd=polydomy (several nests in a colony), s=supercoloniality (huge polygynous and polydomous colonies).

Figure 3. Nests of Formica ants. a) F aquilonia nest constructed from pine needles;
b) E pratensis, characteristically low nest mound; c) E pressilabris, a small monodomous
nest (width ~10 cm); d) F exsecta nest constructed from grass; e) F pressilabris, a highly
polygynous nest from a polydomous population (width ~1m); f) excavated E fusca
nest in a tree stump; g) entrances of polydomous E cinerea nests.

14
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samples from populations representing their rarer
social organization: polydomous and monodomous,
respectively (Collingwood 1979; Seifert 2000). All
individuals were collected when they appeared on top
of their colonies, which signals their willingness to
mate and disperse. This was the best way to control
their age and maturation and ensure that comparisons
between species are physiologically sound. For
Chapter IV, T mapped a supercolonial E pressilabris
population consisting of more than 1,300 nests,
and sampled workers from 285 nests for population
genetic analyses and 16 nests for behavioral assays.
Additionally, some F exsecta workers were collected

for the behavioral assays.

3.3 OVERVIEW OF THE METHODS

As dispersal is a complex process strongly affected
by behavioral ecology, population structures and
individual physiology (Bowler and Benton 2004, Ronce
2007, Saastamoinen et al. 2017), no single research
method is sufficient for understanding its evolution as
a whole. Thus, in this thesis I use multiple methods to
approach my study questions (Table 3). The following
sections discuss and justify the chosen methods, while
detailed descriptions of the protocols and statistical

analyses are presented in the corresponding chapters.

34 SPECIES IDENTIFICATION

Species identification is often poorly reported in
ecological studies, if at all (Bortolus 2008), even
though mistakes in species identification are very
common (Conn et al. 2013, Pante et al. 2015,
Groom and Whild 2017, Packer et al. 2018). This
is unfortunate, as inferring evolutionary patterns
is impossible without reliably knowing which of the
studied organisms belong to independently evolving
lineages (de Queiroz 2007). Comparing related species
allows us to inspect evolutionary change in longer time
scales, whereas intraspecific comparisons are ideal for
studying plasticity and evolutionary change in shorter
time scales at the population level, where gene flow
among populations can still counter the evolutionary
process. As I aimed to do both, I needed to be very
sure of my species identifications.

All species were initially identified with morphological
characters (Seifert 2000, Czechowski et al. 2012). In
most cases, the identifications of the long-lived study
populations and nests had already been done prior to my
work (e.g. Sundstrém et al. 2005; Martin et al. 2008;
Seppa et al. 2011; Schultner et al. 2014; Helantera
et al. 2016), and I only verified them to still remain
accurate. Identification for one of my intended study
populations of the species F fennica, had also been done

Table 2. Methods used in each chapter of this thesis.

Method Chapter

I 1II I1I v
Narrative literature review X
COlI barcoding X
Microsatellite genotyping X X
Morphological measurements x x
Transmission electron microscopy for flight muscles x
Colorimetric assays for protein, glycogen and triglycerides %

Assay for aggression and regognition behavior
Y g gogn
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prior to my work (e.g. Helanterd and d’Ettorre 2015).
However, the accuracy of the key presented in (Seifert
2000) has been questioned since the publication of
these earlier works, as E fennica greatly resembles a
pilosity-reduced “rubens” morph of a more commons
species E exsecta — but this morph is not described
in detail in the identification key (@Qdegaard 2013).
Thus, I checked the identification of my E fennica/ E
exsecta ‘rubens”samples, along with samples from most
other known Finnish E fennica populations (Punttila
and Kilpeldinen 2009) with molecular markers: COI
barcoding and DNA microsatellites (Chapter 1I,
Chapuisat et al. 1997; Pamilo et al. 1997; Trontti et
al. 2003; Hasegawa and Imai 2004; Seppi et al. 2011).
Molecular methods have proven to be useful for aiding
in difficult species identifications and revealing cryptic
diversity (Bickford et al. 2007).

35 FLIGHT MUSCLES AND BODY
PROPORTIONS

To analyze Formica flight ability in relation to their
social organization, 1 compared individuals from
monodomous species and populations to individuals
from supercolonial species and populations (Chapter
IIT). As my study species have very different total body
masses (Collingwood 1979; Seifert 2000, Chapter
III), I consistently analyzed ratios of body proportions:
thorax mass divided by body mass (thorax ratio),
abdomen mass divided by body mass (abdomen ratio)
and flight muscle mass divided by body mass (muscle
ratio, Marden 1989). The first two are standardly
used in insect flight research to roughly estimate the
resource allocation to flight (thorax) and reproductive
organs (abdomen) (e. g (Thomas et al. 1998,
Berwaerts et al. 2002, Helms and Kaspari 2014).
Flight muscle ratio correlates very well with flight
ability across a wide range of animal taxa (Marden
1987, 1989, 2000). Thus, I treated flight muscle ratio
as the most important measure of the flight ability, and
the other measures as supporting data.

36 MICROSCOPICAL FLIGHT MUSCLE
STRUCTURES

To assess the functionality of the flight muscles

of the six Formica species, 1 inspected the muscle

microscopical structures, mainly mitochondrion size,
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shape and density; and myofibril size, organization and
density (Chapter III). These structures correlate with
flight ability in insects (Sohal et al. 1972, Fernandes et
al. 1991, Marden 2000, Rauhamaki et al. 2014). While
light microscopy would be well sufficient for overall
analysis of mitochondria and myofibril areas in the
flight muscles, only transmission electron microscopy
(TEM) has enough resolution for inspecting the inner
structures of mitochondria, such as cristae (Sacktor
1972). High cost and labor-intensity of TEM limited
my sample size to only nine individuals per species
and sex. However, for a TEM study this dataset is
already very large, and allowed me to infer the overall
functionality and major interspecific differences of the
flight muscle structures of these species.

37 METABOLIC RESOURCES

To analyze individual dispersal and nest founding
resources (Chapter III), 1 measured glycogen,
triglyceride and protein concentrations of the six
Formica species by using standard colorimetric assays
(Tennessen et al. 2014), modified to obtain all
measurements from the same specimen. I standardized
all measures with the body size. Glycogen is the main
fuel ants use for flight (Peakin 1964, Toom et al.
1976, Passera and Keller 1990a) and triglycerides are
the main energetic resource for nest founding in the
queens (Keller and Passera 1989, Wheeler and Buck
1996). I analyzed total protein concentration as it is a
quick and low cost substitute for analyzing directly the
storage proteins the queens also use for nest founding
(Wheeler and Buck 1995, 1996, Wheeler and
Martinez 1995). In males, the total protein amount
correlates with the sperm amount they store in their
abdomens during dispersal, and thus helps analyzing
their resource allocation trade-offs during flight (Avila
etal. 2011, Stiirup et al. 2011, Helms 2018).

38 GENETICANALYSES

I used DNA microsatellites (Chapuisat 1996,
Gyllenstrand et al. 2002, Trontti et al. 2003, Hasegawa
and Imai 2004) and population genetic methods
to infer the dispersal history, genetic structure and
genetic differentiation within a dense nest aggregation
of E pressilabris and its surrounding population, both
of which were also carefully mapped for their spatial



SANJA HAKALA

structure (Chapter IV). DNA microsatellites are
powerful for analyzing fine-scale population structures
(Defaveri et al. 2013), and gene flow inferred from
genetic markers correlates with dispersal in animal

populations (Bohonak 1999).

3.9 BEHAVIORAL ASSAYS

Ants are aggressive toward intruders from outside
their colony, and their recognition behavior and
colony identity can be studied with aggression assays
(Roulston et al. 2003, Ellis et al. 2017). I analyzed
how connected the different nests are within a
supercolonial population of E pressilabris with an assay

where 15 workers meet an intruding worker on their

Field nest

own nest material. The assay is more sensitive than
most assays previously used for ants, as it inspects the
nest-defense behavior instead of behavior on neutral
arenas (e.g. Giraud et al. 2002; Chapuisat et al. 2005;
Holzer et al. 2006; Bjorkman-Chiswell et al. 2008;
Vogel et al. 2009; Chen et al. 2018). If supercolonial
workers let visitors from other parts of the field enter
their nest, it indicates high potential for cooperation.
I measured the aggressive and inspective behaviors of
supercolonial workers against their own nests mates,
workers from nests close by, workers from far away on
the same supercolonial field, workers from a different
field, and allospecific workers (E exsecta). Each of the
tests between different nests were repeated five times
to assess whether the behavioral patterns are constant
or whether they vary between trials. (Figure 4)

Focal nest

Laboratory nests

/
= H
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QQQQQ
H H H

Laboratory nests L \‘

X

g

* 5
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Field nests

Meighbor

Distant

Qutside Allospecific

Figure 4. The design of the behavioral experiment. The reactions of 15 ants from a focal

nest toward one ant from another laboratory nest box were observed. Control

= introduced

ant from the same original field nest, Neighbor = introduced ant from the same part of the
supercolony field, Distant = introduced ant from a different part from the supercolony field,
Outside = introduced ant from another field, Allospecific = introduced ant of a different
species, E exsecta. For each focal nest and each of the five tests, the assays were replicated five
times with new ants and arenas. © Mats Ittonen.
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4 MAIN RESULTS AND
DISCUSSION

41 STRONG FEEDBACKS BETWEEN
SOCIAL EVOLUTION AND DISPERSAL
EVOLUTION

In Chapter I, I discuss the interplay between social
evolution and dispersal evolution in ants across all of
their nesting and dispersal strategies, and point out
relevant future research directions. Overall it became
clear that our knowledge on ant dispersal is rather
limited, and mostly based on research done on a few
well known species with certain life history aspects
such as polygynous societies or dependent colony
founding (Cronin et al. 2013, Boomsma et al. 2014).
Especially data on male dispersal is very limited. Due
to species specific selection pressures and evolutionary
histories, dispersal evolution is best studied by
observing trends in broad phylogenetic comparisons.
Thus the future research focus should be on collecting
more life history, behavioral and gene flow data
without the current research biases. Additionally,
more work on the genetic architecture of dispersal
traits (Linksvayer 2015, Saastamoinen et al. 2017) and
careful theoretical work on co-evolving traits and eco-
evolutionary feedbacks are needed.

Studying the eco-evolutionary feedbacks between
dispersal strategies and social organization would give
us a better understanding of the evolution of social
polymorphism. Through such feedbacks, evolution
of new dispersal strategies may facilitate further
evolutionary changes in ant societies. Generally, when
organisms evolve new traits they may consequently
transform their environments in a way that leads to
new selection pressures, as explained by the niche
construction theory (Odling-Smee et al. 1996). It is
possible that social niche construction (Ryan et al.
2016) plays a role in the evolution of supercoloniality:
The occasional queen philopatry that originally was
beneficial for all members of the society and led to
polygyny, leads to lower relatedness that in turn may
lead to selection for more philopatric queens, because
staying no longer increases kin competition with close
relatives (Hamilton and May 1977, West et al. 2002,
Boomsma et al. 2014). Even if the society as a whole

would suffer from extensive numbers of daughter
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queens staying, it might be beneficial for the individual
daughter queens. Thus increased philopatry could be
one of the selfish traits that are predicted to increase in
low-relatedness supercolonial societies (Helanterd et
al. 2009), and selfish philopatry can be part of the eco-
evolutionary feedback loops leading to the evolution
of supercoloniality (Chapter I).

If selfish philopatry indeed increases in supercolonies,
this may create new or strengthened social conflicts
over dispersal: the workers, egg-laying queens and
the young dispersing individuals may all have different
optimal strategies, in a similar way as the classical
parent-offspring conflict over dispersal (Motro 1983).
The conflict is likely to be stronger the lower the
relatedness within the society is: dispersing individuals
are expected to value their direct fitness more, when
indirect fitness benefits are low due to low relatedness.

4.2 SPECIES IDENTIFICATION OF FORMICA
EXSECTA“RUBENS”/F.FENNICA

My results do not confirm the hypothesis of assumed
E fennica samples as a separate species, but instead
strongly support grouping them with E exsecta (Figure
5). Since the publication of my article (Chapter II),
Seifert has further analyzed E fennica and E exsecta
samples and published a more detailed identification
key including the “rubens” morph of E exsecta (Seifert
2018, 2019). These recent works confirm my results.
Thus, my study population that was originally
identified as E fennica is now identified to belong to
the “rubens” morph of E exsecta, and analyzed as such in
Chapter III.

4.3 DISPERSALABILITY AND
INTRASPECIFIC VARIATION

Overall, Formica males have bigger flight muscle ratios
than queens (Figure 6, Chapter IIl), indicating that
the males are stronger flyers than the queens. This
can be seen regardless of the social organization of the
species, confirming my hypothesis of overall male-bias
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Figure 5. Data used to check the species
identifications for (Formica) Coptoformica.
Specimens identified as E fennica mostly group
together with E exsecta, indicating the samples

are conspecific regardless of their differing
morphologies. Based on these data, these populations
are treated as a single species, F exsecta, in further
analyses in chapter III.

a) Discriminant analysis of principal components for
the microsatellite data (with 24 principal components).
b) Maximum likelihood tree based on mitochondrial
COI gene sequences for Coptoformica and three
outgroup Formica species. Samples with codes starting
‘AB..." are from Genebank. The clade including

the supercolonial Formica exsecta 'rubens' population
used in chapter Il is circled. Note that some of the
branches do not have sufficient bootstrap support
(values next to the nodes) and the tree should not be
used to interpret the phylogeny.

in dispersal. The microscopical muscle structures show
that the flight muscles are fully functional in all of the
species and both sexes, and resemble those of other
flying insects (Figure 7, Sohal 1976; Marden 2000).
The concentrations of biochemical resources vary
greatly among species, showing that species-specific
ecological selection pressures are important. However,
no clear evolutionary patterns can be seen in the
biochemical resources regarding social organization
or nest founding strategies of these species, somewhat
contrary to earlier studies (Keller and Passera 1989,
Passera and Keller 1990b, Sundstrom 1995, Hahn et
al. 2004).

According to my results, the within-species variation
in dispersal traits is substantial (Chapter III). It is
likely to affect dispersal decisions at the individual
level, because individuals often make their decisions
based on their condition (Clobert et al. 2009, Lowe
and McPeek 2014). In E truncorum, social organization
correlates with differences in individual traits, such
as size and fat content, between monodomous and
polydomous populations (Sundstrém 1995, Johnson
etal. 2005). My results from F exsecta are similar: both
males and queens from the polydomous population
have smaller flight muscle ratio than those from
the monodomous populations. Yet the direction of
causation is not clear. Sundstrém (1995) suggests that
intraspecific social polymorphism could arise due to
initial intraspecific variation connected to differences
in dispersal propensities among individuals. After
social polymorphism arises, selection may accelerate
the initial differences, and result in bigger differences
between the population types, as we see in E truncorum
and E exsecta. However, the result is not repeated
between the two population types of E pressilabris,
possibly because this species is more commonly
polydomous than the other polymorphic species
(Collingwood 1979; Seifert 2000) and may have lost
some of its original variation. Clearly species-specific
evolutionary histories and ecology have a big role in
these kinds of eco-evolutionary feedbacks.

44 SOCIAL ORGANIZATION AND
COEVOLUTION OF SEXES

Although the difference between monodomous and

supercolonial social organization is caused by different
levels of queen philopatry, my results do not show
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Figure 6. Flight muscle ratios
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any overall differences in the queen dispersal abilities
between the two social organizations at the species
level (Chapter III). The flight muscle ratios are not
consistently smaller in the supercolonial queens,
compared to the closely related monodomous queens
(Figure 6). These results indicate that the higher levels
of queen philopatry in supercolonies are not caused by
morphological differences or differing resources the
queens get from their natal colonies, but are behavioral
decisions at the individual level. This strengthens the
hypothesis of the role of selfish philopatry in the
evolution of supercoloniality (Chapter I): even though
these societies provide the daughter queens with
resources to leave, many of them stay.

Contrary to queens, the males show a trend towards
lower resource allocation to flight in supercolonial
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species: they have significantly smaller muscle ratios
than the monodomous species (Figure 6). This
indicates that male dispersal strategies have evolved
to match the philopatric strategies of the polydomous
queens — revealing coevolution between sexes. When
local mating with the philopatric queens is possible, as
it has been shown to be for example in supercolonial
E paralugubris (Chapuisat et al. 1997; Chapuisat and
Keller 1999), some males may be selected to allocate
less resources to flight muscles.

There is an interesting contrast in the actualized
dispersal patterns, inferred from gene flow (Sundstrém
et al. 2005), and the measurements of flight ability
presented in this thesis. The supercolonial species, that
have less sex difference in their flight muscle ratio, still

show more sex bias in gene flow: gene flow is male



Figure 7.Typical transmission electron microscopy images of the flight
muscle tissue cross-sections for both sexes of E exsecta. The structures
indicate good function of flight muscles, and the muscle structures are similar in all
species studied, with no significant differences between the sexes. The round, equally
distributed shapes in the images are myofibrils. The oval shapes are mitochondria,
with cristae visible inside. Glycogen is visible as black granules between the cell
organelles.
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biased in Formica in general, but especially in the highly
polygynous and polydomous species (Sundstrém et
al. 2005). This confirms that queen philopatry must
be more common in supercolonial species than their

measured flight ability shows.

45 FORMICA SUPERCOLONIES

As a result of limited dispersal, the dense E pressilabris
nest aggregation inspected in Chapter IV is genetically
viscous, although it is only 700 m long, Such population
viscosity is common in polydomous and supercolonial
Formica (e.g. Chapuisat et al. 1997; Sundstrom et
al. 2005; Seppd et al. 2012). To get any values of
population viscosity in such a small spatial scale, the
dispersal is likely limited in both sexes, in accordance
to this species having the poorest dispersal traits of
the six Formica species I studied (Chapter III). When
population genetic structuring is observed at a larger
spatial scale by including adjacent subpopulations, the
supercolony does not cluster separately from the other
areas (Figure 8). The FST values among different areas

within the supercolony field (FST 0.02-0.07), are at

the same scale as the values among it and the other
local subpopulations (FST 0.03-0.09). These results
suggest that even though the species has somewhat
limited dispersal on small spatial scale, long-range

dispersal by wing still happens.

It is possible that in supercolonial Formica ants,
the increased behavioral queen philopatry and the
observed small decrease in male dispersal ability
may reflect a change in the shape of their dispersal
kernel rather than change in the maximum dispersal
distances. In natural populations, most individuals
disperse only short distances, and long range dispersal
is rare (Lowe and McPeck 2014, Steyn et al. 2016).
In polydomous Formica, there may be more philopatric
individuals than in monodomous Formica, but the rare
dispersers may still fly as far. Especially if they disperse
with the help of wind (Helms 2018), insects capable
of flight will occasionally disperse over long distances.

At a closer inspection, the supercolonial E pressilabris
population is not a textbook example of a supercolony
(Pedersen et al. 2006, Helanteri et al. 2009, Moffett
2012), butratherafluid mosaic population where lack of
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Figure 8. Bayesian clustering of all genotyped individuals from the four study
fields with the software STRUCTURE (Pritchard et al. 2000). The codes I-IV within
Sérkkilen indicate the four different parts of the supercolony field, used for grouping workers
for behavioral assays. Each colored bar represents a single genotyped individual, with samples
organized from west to east. Optimal K = 2 with strong admixture indicates there is no clear
genctic differentiation among the subpopulations.
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Figure 9. Complex behavioral patterns within the E pressilabris supercolonial
population. The population consisting of more than 1300 nests in an area ~700 m long.
The nests used in the behavioral assays are shown as red triangles, other nests as grey circles. The
different arrow colors show the number of aggressive replicates (see legend), and arrowheads
show the direction of aggression, pointing toward the nest of the introduced ant. Overall the
level of aggression is low, showing that workers mostly let foreign workers enter their nest
material, which creates potential for cooperation among the nests. © Mats Ittonen.

aggression creates plenty of potential for cooperation,
but all individuals do not seem to cooperate (Chapter
IV). The aggression level is still overall low and shows
that the workers allow individuals from other nests
to enter their nest material, with different worker
sets from the same nest behaving differently in the
five replicate trials (Figure 9). However, as there
is some aggression within the supercolony field,
instead of a single supercolony the population could
be interpreted a combination of several supercolonies
with no clear boundaries. The aggression increases
with distance, in accordance to the genetic viscosity,
supporting the notions that genetic viscosity may be
one of the mechanisms maintaining supercolonies as
somewhat stable social structures (Chapuisat, et al.
1997; Helantera et al. 2009; Holzer et al. 2009).

5 CONCLUSIONS AND FUTURE
DIRECTIONS

My work increases the overall knowledge of ant
dispersal strategies and ability. I show that the
great social polymorphism and the corresponding
differences in the rate of queen philopatry in Formica
ants is foremost a behavioral difference. Interestingly,
the biggest physiological effect according to my results
is seen in males rather than queens, which indicates

strong coevolution of the sexes (Bonduriansky 2009).
The large intraspecific variation of dispersal ability and
resources may contribute to the existence of different
levels of social organization within species, but this
does not directly translate to big overall differences
between monodomous and supercolonial species. The
evolutionary pathway towards increased philopatry
and social complexity seems to start from behavior,
rather than from resource allocation decisions at the

society level.

This raises questions about the role of worker behavior
in the dispersal decisions and the maintenance of
these societies. The workers may have power to
decide how many and which queens they let stay in
the society, and which queens have to leave (Beckman
and Ratnieks 2003, Chapter I). The possibility of
dispersal conflict in low-relatedness ant societies
should be carefully analyzed both theoretically and
empirically. The existence of supercolonies ultimately
depends on worker behavior: their lack of aggression
against other members of the society, acceptance of
philopatric queens, and acceptance of males wanting
to mate with these queens. Thus, although dispersal is
performed by the sexual castes, the worker genomes
likely control it strongly through indirect genetic
effects (Linksvayer 2015). In supercolonial societies
where local relatedness is very low, the interactions
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of the unrelated genomes may get complex. However,
genetic viscosity within the supercolony may give the
workers some inclusive fitness benefits, if the daughter
queens even occasionally move to other nests within
the supercolony to compete with less-related queens,
and especially if they fly away from the supercolony
and compete in the larger spatial scale (Chapuisat, et
al. 1997; Chapuisat and Keller 1999).

To understand the evolution and maintenance of
supercolonies we should better understand the
scales of competition. Although relatedness within
supercolonies is low, at large spatial scale they are still
genetically differentiated from each other (Pamilo
et al. 2005, Schultner et al. 2016). Based on these
observations, selection maintaining supercolonies
could exist at this higher level, through competition
among separate supercolonies (Pedersen et al. 2006,
Kennedy et al. 2014). According to my results,
however, the large nest networks of Formica ants
may not be single cooperative units but rather more
complex nest mosaics and only partially cooperative.
Even if they are theoretically single units due to lack
of clear internal borders, if they don’t function as
ecologically single units (Lester and Gruber 2012),
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it seems unlikely that colony level selection would
be strong enough to maintain them. To resolve these
questions of the scale of competition and levels of
selection, we should study the supercolonial species
and their dispersal on larger spatial scales, and also
inspect the life histories of supercolonies in more
detail.

Based on my results there is a need for some extra
work on defining the nature of Formica supercolonies.
At the moment supercoloniality is defined based on
the invasive Argentine ant populations, although
supercolonies exist also in wide range of other taxa
(Helanteraetal. 2009, Lester and Gruber 2012, Moffett
2012, Hoffmann 2014). In Formica, it seems likely
that the nature of the polydomous and supercolonial
populations varies not just between populations and
species, but also within a single population across
different seasons (Mabelis 1979, 1984, Elias et al.
2005, Schultner et al. 2016) and according to available
resources (Sorvari and Hakkarainen 2004). This kind
of variability and flexibility of their social organization
seems to be an overall hallmark of Formica ants, and
possibly underlines their ecological success.
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TIIVISTELMA

Maaeldinten joukossa muurahaisten (Hymenoptera:

Formicidae) levittdytymisstrategioiden moni-
muotoisuus on ainutlaatuisen suurta. Muurahaispeséin
analysoiminen sosiaalisena, monivuotisena ja paikallaan
pysyvéané supereliénd auttaa timén monimuotoisuuden
ymmartamisessa, yhdistettynd sosiaalista evoluutiota
teoriaan. Tassa

selittivan  kokonaiskelpoisuuden

katsausartikkelissa kasittelemme muurahaisten
levittdytymisstrategioita tarkoituksenamme osoittaa
kurssi muurahaisten levittiytymisen ja sen evoluution

tulevalle tutkimukselle.

Listaamme levittéiytymisominaisuuksien perimmaisia

ja vilittomid syitd sekd levittiytymisen ekologisia

ja evolutiivisia seurauksia populaatiorakenteista ja
-dynamiikasta eliéyhteiséihin. Hahmottelemme eko-
evoluutiivisia  takaisinkytkent6jda  levittdytymisen
evoluutioon vaikuttavien ominaisuuksien valilla, seka
ehdotamme evoluution todennakoisia kulkusuuntia
muurahaisten eri levittdytymisstrategioiden valilla.
Lopuksi hahmottelemme tutkimusohjelman, jonka
tavoitteena on tdyttdd nykytietimyksen aukot:
jatkossa tarvitaan lisad vertailevaa tutkimusta eri lajien
yhteiskuntien elinkaaresta ja populaatiorakenteista seka
teoreettisia malleja levittdytymisen eko-evolutiivisesta

dynamiikasta kokonaiskelpoisuuden teorian puitteissa.
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Abstract

The extreme diversity of dispersal strategies in ants is unique among terrestrial animals. The nature of ant colonies as
social, perennial, and sessile superorganisms is the basis for understanding this diversity, together with the inclusive-
fitness framework for social evolution. We review ant dispersal strategies, with the aim of identifying future research
directions on ant dispersal and its evolution. We list ultimate and proximate determinants of dispersal traits and the
ecological and evolutionary consequences of dispersal for population structures and dynamics, as well as species com-
munities. We outline the eco-evolutionary feedbacks between the multitude of traits affecting dispersal evolution and the
likely evolutionary routes and ecological drivers in transitions among the diverse ant dispersal strategies. We conclude
by presenting a research framework to fill the gaps in current knowledge, including comparative studies of colony life
histories and population structures and theoretical models of the eco-evolutionary dynamics affecting dispersal, in an
inclusive-fitness framework.
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Introduction

Dispersal is any movement of organisms that can poten-
tially lead to gene flow (RoNCE 2007). Movement at all
spatial scales, both within and between habitat patches,
can qualify as dispersal. Dispersal allows organisms to col-
onize new areas and thus survive environmental changes
should their current habitats become unsuitable. Indeed,
the ability to find new habitats and resources in variable
environments is considered one of the ultimate causes for
dispersal (VAN VALEN 1971). As natural populations are
threatened by habitat fragmentation and climate change,
as well as the spread of invasive species, dispersal is also
a key consideration in conservation planning (PRESSEY &
al. 2007).

Local resource competition is another ultimate cause
for dispersal. From an inclusive-fitness perspective, com-
petition with relatives is harmful, and dispersing away

© 2019 The Author(s).

OPEN 8ACCESS

from them is favored by kin selection (HAMILTON & MAY
1977). Staying close to one’s relatives and mating with
them may also cause inbreeding depression, and lower
both direct and indirect fitness (BENGTSSON 1978, MOTRO
1991, PERRIN & GOUDET 2001). This highlights that dis-
persal is a social trait and includes both elements of co-
operation and conflict among individuals. Thus, selection
for dispersal needs to be considered in an inclusive-fitness
or multi-level selection framework (POETHKE & al. 2007).

Dispersal is a complex process with three distinct
phases: emigration (dispersal decision), movement, and
immigration that includes establishment as a reproducer
in the destination (BOWLER & BENTON 2004, RONCE 2007).
Thus, dispersal comprises multiple traits, potentially
responding to multiple selection pressures (STARRFELT
& KOokKko 2012). As these traits may be genetically corre-
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Tab. 1: Overview of the ant nest founding strategies and the typical mating locations and dispersal strategies connected to them. Note
that a species can use a combination of several strategies and this is very common in some cases (such as polygynous colonies having
alternative strategies). The dispersal strategy mentioned here refers to the individuals, not the species. When mating happens within
the gyne’s natal colony, the male can be either a disperser from a foreign colony, or a philopatric individual from the same colony.
* Nest refers to a single nest mound / cavity / structure, colony refers to the whole society. A colony can consist of one or several
nests (monodomy or polydomy, respectively) or be a nestless one (in army ants).

lated and plastic, the genetic architecture of dispersal is
potentially very complex (SAASTAMOINEN & al. 2017). This
makes predicting responses to selection difficult, espe-
cially since the evolutionary role of phenotypic plasticity
may be more substantial than conventionally appreciated
(PFENNIG & al. 2010).

To truly appreciate dispersal and its consequences
requires understanding both its ultimate and proximate
causes, and their interactions (BOWLER & BENTON 2004).
In this review, we bring together the theoretical context
of dispersal evolution with empirical studies on behav-
ior, genetics, physiology and ecology of ants. Our aim is
twofold: to show that studying dispersal can further our
understanding of social evolution in ants, and to show
that ants offer an excellent study system for future work
inferring dispersal evolution and the selection pressures
affecting it.

Dispersal of the superorganism: Natal dispersal
of winged young queens and males has been suggested to
be the ancestral dispersal strategy in ants (HOLLDOBLER &
WILSON 1990). As colonies of most ant species are sessile
and queens do not leave the established colonies (WILsON
1971), this is the only stage where dispersal happens in
most ants. Thus, ant colonies are superorganisms that
disperse through their mobile offspring like plants do
through their pollen and seeds, and sessile marine in-
vertebrates, such as corals, through their sperm, eggs
and larvae (HOLLDOBLER & WILSON 2008, HELANTERA
2016). The young adult queens (gynes) are the propagules
founding new colonies and can disperse both before and
after fertilization. They mate within a short time period
before colony founding, with one or several males, and
store the sperm in their bodies for the rest of their lives
(BoomsMa 2013). The males are haploid and their sperm
is clonal, so gene flow through their movement resembles
pollen dispersal. In many species males are sperm limited
and only mate once (PASSERA & KELLER 1992), although
in some taxa they can mate more than once and possibly
in different locations (SHIK & al. 2013).

Most ants have sessile colonies and are thus central
place foragers. This makes escaping local competition over
resources, especially nest sites and food, an important
selection pressure for dispersal. Because ant workers are
wingless, ants are especially effective in utilizing resources
in the immediate proximity of their colonies (PEETERS &
ITo 2015) and central place foraging affects ants more
than social insects with winged workers. Even if not all
ants defend their territories (SAVOLAINEN & VEPSALAINEN
1988), the central place foraging lifestyle is likely to result
in selection for dispersal beyond the foraging area of the
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natal colony. The necessity of dispersal in ants is further
enhanced by competition between generations, and the low
likelihood of nest site and resource inheritance. In many
species, the queens are long lived and their colonies can
exist in the same location up to a few decades (WiLsoN
1971). Colony life spans of even a few decades have been
recorded in, for example, Myrmecocystus and Formica
(see CHEW 1987, PaAMILO 1991c). Thus, ants, along with
some perennial bees such as the honey bee, differ from
most other social hymenopterans by controlling local
resources over long timescales (WiLsoN 1971).

However, female offspring may skip dispersal and stay
in their long-lived natal colonies as extra queens. Polygyny
(see Tab. 1) is a form of cooperative breeding where multi-
ple queens share the same colony and resources, including
the worker force. It is common throughout the ant phylog-
eny and indeed often arises through philopatry of daugh-
ters of the colony (KELLER 1995, HEINZE 2007, BooMsSMA
& al. 2014). Thus, the theoretical prediction (Kokko &
LuUNDBERG 2001) that natal philopatry and cooperation
are favored in nest-site limited systems, where dispersal
is risky and survival of territory owners high, seems to fit
well with the evolution of secondary polygyny (Tab. 1) in
ants. However, in addition to cooperation, polygyny also
introduces potential for conflict among co-breeders (see
sections “Social selection pressures” and “Consequences
of dispersal”).

In this review, we consider leaving the natal colony al-
ways as dispersal, even when the spatial scale is small. Dis-
persing at all spatial scales is costly and risky (BONTE & al.
2012). The abovementioned idiosyncrasies of ants further
add to the risks. Especially the last phases of dispersal,
including mating, colony founding and establishment as a
reproducer in a competitive community, are critical phases
in ant life cycles, and a stage for eco-evolutionary feed-
backs where many aspects of ant lives intertwine. Research
on ant dispersal has touched on many of these aspects, as
demonstrated with detailed examples below. However, an
overarching framework for understanding these complex
interactions is still needed, and we conclude the review
by proposing the building blocks of a research program
aiming to better understand the evolution of ant dispersal.

Diversity of ant dispersal strategies

Here, we explain the diversity of ant dispersal strategies
and show how mating and colony founding are integrally
tied to dispersal. We point out some of the main constrains
on ant dispersal, both on wing and by foot, and discuss
how dispersal differs between the sexes. Ant flight ecology
and the selection pressures affecting the movement phase
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Nest / colony* Definition Typical Queen Male Example taxa
founding strategy mating dispersal Dispersal
location
Independent, non- Queens forage for food during Away from By flight By flight Ponerinae,
claustral (HOLLDOBLER | nest-founding the colony Myrmeciinae
& WILSON 1990, BRowN (PEETERS 1997)
& BONHOEFFER 2003)
Independent, Queens do not forage but stay Away from By flight By flight Prevalent in
claustral (PEETERS & enclosed in the nest chamber the colony Formicinae,
ITo 2001) during nest-founding Myrmicinae
(HOLLDOBLER &
WIiLsoN 1990)
Pleometrosis (= Several queens found the nest Away from By flight By flight Lasius niger
primary polygyny) together; the nest usually reverts the colony (see SOMMER &
(HOLLDOBLER & WILSON | later to a single-queen state HOLLDOBLER 1995),
1977) (= monogyny) Pachycondyla (see
TRUNZER & al. 1998),
Pogonomyrmex
californicus (see
JOHNSON 2004)
Dependent, Existing colony splits into two, At the gyne's | On foot with | By flight, or | Cataglyphis cursor
fissioning (BOURKE & workers carry gynes to new colony workers no dispersal | (see LENOIR & al.
FrANKS 1995, CRONIN & | locations 1988), all army ants
al. 2013) (ScHNEIRLA 1971)
Dependent, budding | Workers found new nests close At the gyne's | On foot with | By flight, or Many Formica
(BOURKE & FRANKS 1995, | to the original ones and carry colony workers no dispersal | ants (ROSENGREN &
CRONIN & al. 2013) the queens with them either as PamiLo 1983)
juveniles or as adults; often leads
to polydomy
Polydomy (DEBOUT Existing nest splits by budding but | None, or see | No dispersal, | No dispersal, | Many species of
& al. 2007) the parts retain connection; does budding or see or see Crematogaster,
not necessarily fit the definition of budding budding Leptothorax,
dispersal, unless the colony grows Camponotus,
very big and queens are moved Formica (see DEBOUT
from nest to nest; makes dispersal & al. 2007)
avoidance more profitable by
enhancing the colony’s ability to
gather resources
Secondary polygyny | Queens seek adoption to existing | Away from By flight, or | By flight, or | Many Formica
(ROSENGREN & al. 1993, | colony as extra queens; the the colony, no dispersal | no dispersal | ants (ROSENGREN
CROZIER & PAMILO 1996, | recruiting colony can be a foreign | or at the & al. 1993), many

BoomsMa & al. 2014)

one (dispersal) or the natal colony
(philopatry); often connected to

gyne's colony

Myrmica ants
(KELLER 1993, SEPPA

budding and polydomy 1996)
Supercoloniality Extreme polydomous polygyny, At the gyne's | No dispersal | By flight, or | Linepithema humile
(PEDERSEN 2006, where colonies cover large areas; colony except within | no dispersal | (see GIRAUD & al.
BoomsMA & al. 2014) can function as a distingt dispersal the colony except within | 2002), many Formica
strategy due to the invasive the colony ants (ROSENGREN
potential on continuous habitat & al. 1993)
Temporary Queens exploit colonies of other Away from By flight By flight Several Formica
social parasitism species as stepping stones for the colony and Lasius species
(BUSCHINGER 1986,2009) | founding their own colonies (BUSCHINGER 2009)
Inquiline parasitism | Queens exploit colonies of other Away from Dispersal Dispersal Several species
(BUSCHINGER 1986,2009) | ant species, usually without ever the colony, limited in limited in of Leptothorax
producing own workers or at the various ways | various ways | and Plagiolepis
gyne's colony (BUSCHINGER 2009)
Xenobiosis Queens found their nests inside Away from Dispersal Dispersal Formicoxenus
(BUSCHINGER 1986,2009) | the nests of other ant species, the colony, limited in limited in and Polyrhachis
and exploit some of the host's or at the various ways | various ways | (BUSCHINGER 2009)
resources, but produce their own | gyne's colony

workers
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of dispersal were recently reviewed by HELMs (2018), and
are outside the scope of the current review.

Colony founding as an integral part of disper-
sal: Colony founding by queens is the final immigration
phase of dispersal, directly for the gynes and indirectly for
the males. This is the phase of dispersal that has received
most attention in ant research and through which ant dis-
persal is most commonly described. Due to these reasons,
we continue using the colony founding terminology for
describing ant dispersal strategies (see Tab. 1 for summary
of the main colony founding strategies and their effects on
dispersal, and explanation of the terms that will be used
hereafter). However, dispersal is successful only after the
dispersing individual reproduces in the new location, re-
sulting in gene flow (RoNCE 2007). In population genetic
terms, only colonies producing sexual offspring can be
considered successful, but from the ecological perspec-
tive, colonies often have an effect on local communities
already during their growth phase when they concentrate
on worker production (OSTER & WILsON 1978). The growth
phase can be considerably long, for example in Pogono-
myrmex barbatus (SMITH, 1858) it takes about five years
(GorDON 1995, GORDON & WAGNER 1999).

Phylogenetic reconstruction shows that ancestral ant
queens used non-claustral colony founding (KELLER & al.
2014). Modifications to this ancestral strategy have evolved
several times in different ant taxa, most likely to reduce
the high costs of dispersal (HEINZE & TsuJ1 1995), but the
proposed evolutionary pathways between the strategies
have mostly not been formally tested. In line with the gen-
eral notion that dispersal has high potential for evolution
(SAASTAMOINEN & al. 2017), closely related species can use
different strategies, and reversals to ancestral strategies
have occurred (e.g., KELLER 1991, BROWN & BONHOEFFER
2003, JounsoN 2010). We will discuss the possible evolu-
tionary pathways in detail in “Evolutionary transitions in
dispersal”, and specify the knowledge gaps and research
needs in “Conclusions and future directions.”

Dispersal ability and resources: The queens and
males of many ants are strong flyers (HELMs 2018) and
based on studies on colonization and community ecology
(VEPSALAINEN & PISARSKI 1982, VASCONCELOS 1999), it
is obvious that many species are pioneers that commonly
colonize new habitats and at least some individuals of these
species disperse long distances. For example in Lasius
niger (LINNAEUS, 1758), populations in Northwestern
Europe seem to be genetically uniform, suggesting regular
long range dispersal (BoomsMA & VAN DER HAVE 1998),
consistent with the pioneer lifestyle of the species.

However, measurements of flight distances have been
reported for only a few species, sometimes with small
sample sizes (HELMS 2018). There are also plenty of taxa
whose colony structures and life cycles have not been stud-
ied at all, especially among ponerine ants (PEETERS 1997).
Furthermore, knowing average dispersal distances is not
enough. Dispersal distribution in natural populations of
most organisms is fat-tailed, meaning that most individ-
uals do not disperse much at all and the rest have large
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variation in their dispersal distances (LOWE & MCPEEK
2014). As the whole distribution of dispersal distances is
likely to affect the population level consequences of dis-
persal, assessing also the intraspecific variation in ants is
an important aspect of future research.

In the absence of direct data on flight, the flight ability
can be roughly inferred from morphological traits such
as the wing muscle mass to body mass ratio (MARDEN
1987,2000). Flying ants carry large amounts of resources,
especially the claustrally founding gynes that need fat
and storage proteins for energy during colony founding
(WHEELER & Buck 1995, WHEELER & MARTINEZ 1995,
WHEELER & Buck 1996). Such queens have larger abdo-
mens and smaller muscles compared with the gynes using
other nest founding methods and might therefore be less
skilled in flying and less able to fly long distances (HELMS
& KasPARI 2014, 2015). In contrast, non-claustral gynes
have worker-like large heads and strong neck muscles for
foraging during colony founding and thus face restrictions
in their thorax architecture and flight muscle size (KELLER
& al. 2014). This makes the relationship of colony founding
strategy and flight ability complex in ants. Also pleomet-
rosis and parasitic strategies can change the queen’s need
for resources and therefore affect wing muscle to body
mass ratios.

In addition to flying, several ant species also disperse
on foot, especially the queens but in some cases also the
males (HEINZE & TsuJ1 1995). This results in shortened
dispersal distance and patterns of isolation by distance
across small geographical scales (PEETERS & ARON 2017).
Especially dependent colony founding through budding or
fissioning compromises the colonization ability of a species
(PEETERS & MOLET 2009). Transition to dependent found-
ing changes colony resource allocation: The resources for
dispersal are not only allocated to the queens, but also
indirectly to the workers that assist them in colony found-
ing (PEETERS & ITO 2001, PEETERS 2012). In some species
budding leads to polydomy, which enhances the colony’s
ability to gather resources, expands the colony area, and
affects local competition (DEBOUT & al. 2007, see “Social
selection pressures”).

Dispersal polymorphism in queens: Variation in
resource allocation leads to variation in dispersal ability
among individuals. For example in fire ants, the heavier
summer gynes with better resources disperse smaller
distances and found nests alone, while the leaner over-
wintered gynes fly further, and sneak into established
colonies as intraspecific parasites (HELMS & GODFREY
2016). Regardless of whether this is an adaptive parasitic
strategy or just starved individuals making the best of a
bad job, such variation has ecological and evolutionary
consequences through effects on the selective regime of
dispersal traits.

Clear-cut dispersal polymorphism is widespread
among insects (ZERA & DENNO 1997). Such polymorphism
is suggested to evolve when different selection pressures
select for and against dispersal at the same time (MATHIAS
& al. 2001). Dispersal polymorphism exists in ant queens,
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too. Especially in dependently founding ants there are
queen polymorphic species, with flying and completely
flightless morphs, convergently evolved in several taxa
(PEETERS 2012). The genetic and developmental basis of
such polymorphism is largely unknown, but for example
in Harpagoxenus and Leptothorax, polymorphism seems
to be caused by a single-locus mutation (BOURKE 1987,
HEINZE & BUSCHINGER 1989, HEINZE & TsuJ1 1995). In
Myrmica ants, several species have queen size morphs,
microgynes that are more commonly philopatric or even
parasitic without producing their own workers, and mac-
rogynes that usually participate in long range dispersal.
In Myrmica rubra (LINNAEUS, 1758) the two morphs are
clearly distinct in size and behavior, and also genetically
partially differentiated (VEPSALAINEN & al. 2009, LEp-
PANEN & al. 2015), whereas in Myrmica ruginodis Ny-
LANDER, 1846 the correlation between dispersal strategy
and size is not as strong (WOLF & al. 2018). Similar queen
size dimorphism exists also in several Leptothorax species
(HaMmAGUCHI & KINOMURA 1996, RUPPELL & HEINZE 1999,
ROUPPELL & al. 2001).

Variation in dispersal strategies may also exist with no
obvious external morphological differences. For example,
many Formica species have both monogynous and poly-
gynous, even supercolonial, populations as a result of dif-
ferent dispersal strategies (ROSENGREN & al. 1993). In the
polygynous populations, some individuals are philopatric
and stay in their natal colonies, while some disperse and
found their nests independently or via temporary para-
sitism (CoLLINGWOOD 1979). Recently such intraspecific
variation in dispersal has been linked to genetic archi-
tecture (LIBBRECHT & al. 2013). So-called social chromo-
somes, first found in Solenopsis invicta BUREN, 1972 (Ross
& KELLER 1998, KRIEGER & R0ss 2002, WANG & al. 2013)
and later in Formica selysi BONDROIT, 1918 (PURCELL &
al. 2014) seem to be connected to dispersal behavior of
colonies: One type of the linkage group is associated with
monogynous colonies where extra queens are not accepted,
and the other type with highly polygynous colonies where
workers readily accept extra queens.

In general, the genetic architecture of dispersal evolu-
tion is still largely unknown, both empirically and theoret-
ically (SAASTAMOINEN & al. 2017), but the different types of
ant dispersal polymorphisms hold promise for being good
model systems for such questions in the future.

Dispersal strategies of ant males: Ant males are
traditionally seen only as the vehicles of sperm, and not
much more. Their role inside the colonies during their
development has not evoked much interest (SCHULTNER
& al. 2017), and their life outside the colonies is usually
described by a single word: short. Ant males can poten-
tially allocate all their resources to mating and dispersal,
and do not need to invest in longevity, for example through
costly immune defenses (BoomsMA & al. 2005, STURUP &
al. 2014). Detailed studies on male ants have focused on
only a few species, such as Atta leaf-cutter ants (e.g., BAER
& BoomsMa 2006, STURUP & al. 2011). As male behavior
and mating strategies vary a lot in other social Hymeno-

Fig. 1: Formica pratensis male has left the natal nest and climbed
to a tree branch above it, ready to fly. Photograph by S. Hakala.

pterans (ALcock & al. 1978, BooMsMa & al. 2005), also
ant males should be investigated more.

Dispersal coevolves with mate localization in ants
(PEETERS & ARON 2017) and studies on mating behavior
are the main source of information about male dispersal.
Traditionally, two main ways of mate localization are dis-
tinguished: In the male-aggregation system, both sexes
join synchronous mating swarms away from their natal
colonies, whereas in the female-calling system, males find
gynes that advertise themselves with pheromones near
their natal nests, with no clear synchrony in the flights
among sexes (HOLLDOBLER & BARTZ 1985, KASPARI & al.
2001, PEETERS & ARON 2017). Female calling is associated
with male biased dispersal so that gynes fly only after
mating, or not at all (PEETERS & ARON 2017, HELMS 2018).
Female calling systems sometimes mean long search times
for males, which has occasionally resulted in increased
male life spans, and special morphological adaptations
such as functional mandibles for feeding (SHIK & KASPARI
2009, SHIK & al. 2012). The division between the two mat-
ing systems is not necessarily strict in all taxa. For example
in some Formica species (Fig. 1), individual gynes have
been reported to either fly away from their natal nest or
wait close by and males answer this with specific patrolling
behavior for locating them (KANNOWSKI & JOHNSON 1969).

Even less is known about within species variation
in male behavior. In supercolonial Linepithema humile
(MAYR, 1868), males are shown to either mate at their
natal colony or to disperse and mate with gynes in other
colonies (PASSERA & KELLER 1993) and similar variation in
behavior exists in Formica (ROSENGREN & PAMILO 1983).
Also socially polymorphic species such as Leptothorax
acervorum (FABRIcCIUS, 1793) (HAMMOND & al. 2001) or
several Myrmica species (SEPPA 1996) are likely candi-
dates for such behavioral variation. In Formica exsecta
NYLANDER, 1846, males are dimorphic, with monogynous
colonies predominantly producing larger males that are
suggested to be better at competing over mating opportu-
nities locally, and polygynous colonies producing smaller,
possibly more dispersive males (FORTELIUS & al. 1987).
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The most dramatic within-species variation occurs in
Cardiocondyla ants (STUART 1987, HEINZE & al. 1998): A
winged male morph disperses, and a wingless, philopatric
fighter morph mates in the natal colony and fights with
other wingless males for mating opportunities.

Outside Cardiocondyla, flightless males are rare and
found mainly in highly specialized species where also
queen dispersal is restricted, such as social parasites
Formicoxenus (see HARKONEN & SORVARI 2017), or super-
colonial Monomorium pharaonis (LINNAEUS, 1758), whose
males do have wings but still do not fly (BorLTon 1986,
FOWLER & al. 1993). This can be contrasted with at least
16 different subfamilies with completely flightless queens
(PEETERS 2012) and even more taxa with otherwise limited
female dispersal (HEINZE & TsuJ1 1995). Such apparent
difference in the dispersal ability and propensity between
the sexes begs for a systematic investigation of sex-biased
dispersal in ants, both in terms of population genetics and
the dispersal morphology and physiology.

Sex-biased dispersal: Sex-biased dispersal strate-
gies are expected when there are differences in the trade-
offs between dispersal and reproduction between the sexes
(ZERA & DENNO 1997, MARDEN 2000, PERRIN & GOUDET
2001). These can arise when the sexes are competing for
different resources during their adult lives (L1 & Kokko in
press). Classical theoretical considerations (GREENWOOD
1980) and empirical patterns from mainly vertebrates
(TROCHET & al. 2016) show that dispersal is biased towards
the sex that has more to gain (or less to lose) from increased
dispersal, mainly driven by the number of mating partners
and local resource competition connected to parental care.
In insects, dispersal strategies commonly differ between
the sexes (ZERA & DENNO 1997), but the drivers of sex
bias in invertebrates have not been systematically tested.

Accordingly, male bias in dispersal can be predicted
to be more common in ants, as ant queens experience
resource allocation trade-offs between flight and colony
founding (See section “Dispersal ability and resources”).
Since ant males do not live beyond dispersal and mating,
and only compete over access to matings, selection can
optimize them for these functions with fewer trade-offs,
making males more likely to be the more dispersing sex.
Many of the derived dispersal and nest founding strategies
in ants can be roughly explained by selection that reduces
the relative allocation to flight in queens (HEINZE & TsuJ1
1995), and are associated with female-calling mating sys-
tem where males fly more in search for mating partners
(PEETERS & ARON 2017, HELMS 2018), symptomatic of
coevolution between sexes.

Male-biased dispersal is indeed often reported in ants
(SUNDSTROM & al. 2005, Fortzik & al. 2009), even in species
like Formica exsecta (see SUNDSTROM & al. 2003), whose
monogynous life histories are thought to correlate with
male-aggregation mating systems and dispersal of both
sexes. However, a clear majority of studies on sex-biased
dispersal focus on species where male bias is predicted
(JoHANSSON & al. 2018), such as species with completely
flightless queens [e.g., Nothomyrmecia macrops CLARK,
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1934 (SANETRA & CROZIER 2003); Proformica longiseta
COLLINGWOOD, 1978 (SEPPA & al. 2006, SANLLORENTE &
al. 2015), army ants (BERGHOFF & al. 2008, BARTH & al.
2013, SOARE & al. 2014)]. Not surprisingly, dispersal and
gene flow are heavily male-biased in these species. When
sex-biased gene flow was assessed in a well-dispersing
pioneer species Formica fusca LINNAEUS, 1758, a slight
female bias was observed (JOHANSSON & al. 2018). Thus,
species that do not have derived dispersal strategies should
be studied more in order to gain a better understanding of
sex biases in ant dispersal. Considering the idiosyncrasies
of ant life histories, further investigation of the theoretical
basis of sex-biased dispersal in ants would produce pre-
cise, testable hypotheses for these studies.

For the rest of this review, our discussion mostly fo-
cuses on queen dispersal, merely because males are largely
overlooked in literature. Nevertheless, the examples and
open questions reviewed here make it clear that male
dispersal behavior is worth a closer look in the future.

Is colony relocation dispersal? In addition to natal
dispersal, ants can move short distances by relocating the
whole colony, with workers carrying brood and queen(s)
to a new location (SMALLWOOD 1982, MCcGLYNN 2012). Col-
ony relocation behavior has been reported throughout the
ant phylogeny (McGLYNN 2012). This behavior resembles
dependent colony founding, and is also comparable with
it in movement scale (BOUCHET & al. 2013). This kind of
small-scale movement is not usually considered dispersal,
and the colonization potential of relocation is obviously
small. But considering the long colony lifespan in some
ants, regular nest relocation can lead to covering signifi-
cant distances over longer time scales and should thus not
be completely dismissed as a potential form of dispersal.

Colony relocation is most commonly a response to
changing environmental conditions or disturbances
(McGLYNN 2012), for example colonies being built in
substances that do not last for long times, such as small
pieces of damp rotten wood, as in Mystrium oberthueri
FoREL, 1897 (BOUCHET & al. 2013). In some other species,
colonies are shown to relocate whenever they find a bet-
ter quality site than the one they currently occupy, e.g.,
Temnothorax albipennis (CURTIS, 1854) (DORNHAUS &
al. 2004). The same environmental challenges that lead to
relocations can be also connected to polydomy and many
polydomous species readily relocate their nests, sometimes
in seasonally changing nest networks (DEBoOUT & al. 2007).
Some ant species even have highly specialized behavioral
strategies for colony relocation, such as self-assembled
waterproof rafts in Solenopsis invicta to survive flooding
(Mvrot & al. 2011).

The most conspicuous case of colony relocation are
army ants, where mobility defines the entire lifestyle:
Army ants are group predators whose colonies regularly
move from one location to another, without building per-
manent nest structures. As their queens are flightless,
new colonies are produced through fission (WiLsoN 1958,
BrADY 2003). They can shift their colony as an answer to
unfavorable environmental conditions, just as other ants,
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Fig. 2: Individual-level factors affecting the evolution of dispersal behavior. An individuals’ decision to stay in the natal nest or
to leave it — and later the decision to leave the natal habitat patch or not - depends on several factors that affect its fitness (indi-
cated with arrows). The most influential ultimate and proximate factors are highlighted in bold. Most factors also interact with
each other, and especially relatedness is a central factor that affects all social interactions. Inside the natal colony, the dispersing
individual has direct information mainly about its own condition, colony condition and worker behavior (all of which closely
interact). The other factors affect dispersal evolution mainly through natural selection, as ecological, social, and evolutionary
feedbacks. The fitness benefits differ among the possible scenarios, and choosing one scenario has costs of lost opportunities

from the other scenarios.

but they also have specialized emigration behavior. They
move up to 450 meters at a time, either in a regular cycle
or in a more irregular manner, depending on the taxon
(ScHNEIRLA 1971). “True army ants” has been suggested
to be a non-monophyletic group in the subfamily Dorylinae
(BrADY & al. 2006), and lifestyles with similar characteris-
tics have also evolved in other more distantly related taxa
(KRONAUER 2009).

Colony relocation behavior, especially on the army ant
scale, is an evolutionary transition of the superorganism
from a sessile lifestyle towards a mobile one. Similar tran-
sitions have occurred in marine taxa (e.g., in feather stars
(NAKANO & al. 2002)), but the phenomenon has not been
theoretically analyzed. The fact that such transitions in ant
lifestyle and dispersal strategies are possible underlines
their evolutionary flexibility.

Multiple causes and selection pressures of
dispersal

Dispersal is a multicausal process, and several different
selection pressures affect it, sometimes in opposite direc-
tions (STARRFELT & Kokko 2012). The importance of the
three ultimate causes for dispersal (inbreeding avoidance,
avoidance of kin competition, colonization of new habitats)
varies between taxa and depends on their ecology and evo-
lutionary history (BOWLER & BENTON 2004). Importantly,
the selection pressures predicted to affect the existence,
rate or the range of dispersal are partially different (LowE
& MCcPEEK 2014). Direct selection for dispersal plays a
role mostly in the onset of dispersal and less so during
the movement phase (BURGESS & al. 2016). Thus, whether

young ant sexuals leave the natal colony or stay and mate
within it, is likely under direct selection for dispersal, but
the range of their movement is affected by more proximate
ecological and local selection pressures.

In this section, we list and discuss the determinants of
dispersal decisions of individuals (summarized in Fig. 2).
We start by exploring the ultimate causes, i.e., the selection
pressures for dispersal in an inclusive-fitness framework,
and discuss where the power over dispersal lies in ant so-
cieties. These sections deal with theoretical predictions,
and the relative importance of these causes in natural
populations should be systematically investigated with
comparative data, due to the multitude of ecological and
proximate causes affecting dispersal (BOWLER & BENTON
2004). At the end of this section we briefly explain the
main proximate causes that shape the realized dispersal
and gene flow in natural populations, and reflect on the
condition dependency of dispersal decisions.

Inbreeding avoidance: Inbreeding avoidance is
likely to be an important cause selecting for dispersal
in ants. As in other haplo-diploid hymenopterans with
complementary sex determination system (CSD), the effect
of inbreeding is considered to be particularly harmful,
because it results in inviable or sterile diploid males (Coox
& CROZIER 1995, ZAYED & PACKER 2005). CSD has recently
been shown to exist in Vollenhovia emeryi WHEELER,
1906 (M1YAKAWA & MIKHEYEV 2015) and diploid males
have been reported in many other ant taxa, consistent
with the existence of CSD (Cook 1993). Other costs of in-
breeding have been demonstrated in Formica exsecta (see
HAAG-LIAUTARD & al. 2009) and Cardiocondyla obscurior
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(WHEELER, 1929) (SCHREMPF & al. 2006). In order to avoid
inbreeding, at least one of the sexes has to leave the natal
colony and mate elsewhere, which can lead to sex-biased
dispersal strategies (PUsEy 1987, MoTRO 1991, Gros & al.
2008, section “Sex-biased dispersal”).

Local mating between two offspring of the same colony
seems to be limited to derived strategies, such as parasitic
nest founding strategies, secondary polygyny or the fighter
male morphs in Cardiocondyla. In Cardiocondyla elegans
(EMERY, 1869), workers actively carry gynes from one
colony to another to allow them to mate with unrelated
males, which seems to be a behavioral adaptation to avoid
inbreeding (LENOIR & al. 2007). It is likely that in some
of the locally mating ant taxa either CSD based on many
loci or alternative sex determination mechanisms have
evolved to counter the harmful effect of CSD and inbreed-
ing (BUSCHINGER 1989, SCHREMPF & al. 2006). Also clonal
reproduction contributes to inbreeding-avoidance in some
ant lineages, and it has been suggested to be an important
pre-adaptation to the colonization success of some of the
invasive, supercolonial species (PEARCY & al. 2011, WENSE-
LEERS & VAN OYSTAEYEN 2011). In polygyne and superco-
lonial ant societies, the high number and low relatedness
of egg-laying queens reduces the risk of inbreeding, but
the risk still remains as polygyny is often the result of the
daughters of the society staying and mating locally.

Many ant species commonly produce only or mainly
single sex broods (PAMILO & ROSENGREN 1983, NONACS
1986, Cook & CROZIER 1995), which is often explained
through worker control of sex ratios in response to relat-
edness asymmetries (TRIVERS & HARE 1976, BooMsMA
& GRAFEN 1990, BooMmsMA & GRAFEN 1991, MEUNIER
& al. 2008). However, it also contributes to inbreeding
avoidance. Split sex ratios force individuals to find mating
partners outside the nest, ensuring dispersal even when it
would otherwise be unfavorable for the individuals.

Social selection pressures: According to general
theory, resource competition with relatives is harmful
and dispersing away from them is favored by kin selec-
tion (HAMILTON & MAY 1977), and the negative effects of
competition among kin can cancel out the benefits of local
cooperation in simple scenarios (TAYLOR 1992, WEST & al.
2002). However, more complex models show limited dis-
persal and population viscosity to be beneficial for social
organisms (LEHMANN & al. 2008, KUMMERLI & al. 2009).
This complexity, together with the difficulty of specifying
the spatial scale over which cooperation and competition
occur in nature (WEST & al. 2002) makes it hard to pin-
point which selection pressures have the highest impact
on dispersal.

Indeed, one of the most interesting aspects of queen
philopatry is the possibility to make the colony more
successful, as polygyny allows producing a larger worker
force. Especially when resource competition is strong,
cooperative strategies connected to better resource de-
ployment may be favored (VAN DYKEN & WADE 2012).
According to ROSENGREN & al. (1993), this could explain
the prevalence of polygyny in aphid farming Formica ants.
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If their ability to attend aphid livestock increases with
increasing number of worker-producing queens, they can
possibly even create more resources than the habitat orig-
inally had, overcoming some of the resource limitations
that would otherwise lead to harmful kin competition.
Polygyny is also connected to polydomy and budding
dispersal in many ants, including Formica (ROSENGREN &
PamiLo 1983, DEBOUT & al. 2007, ELLIS & ROBINSON 2014).
This has been suggested to explain why queen philopatry
and polygyny are so prevalent in ants compared with all
other social insect taxa (BooMmsMma & al. 2014).

Recruitment of new queens potentially complicates the
selection pressures affecting dispersal (see also “Colony
allocation decisions and conflicts”). The number of queens
and the division of reproduction among them affect ex-
pected direct fitness opportunities of a philopatric young
queen. For example in functionally monogynous species
where only one of the nestmate queens reproduces at a
time, such as Leptothorax sp. (HEINZE & SMITH 1990),
direct fitness is gained only in the case of possible re-
source inheritance in older age. In other species, all of the
queens can reproduce simultaneously, as in for example
Temnothorax (GUENARD & al. 2016) and Myrmica ants
(Evans 1996), which could make staying a safe strategy.
The division of reproduction can also be more subtle.
For example, in Solenopsis invicta (see Ross 1988) and
Formica exsecta (see KUMMERLI & KELLER 2007) some
queens produce mostly workers while others concentrate
on sexual production.

Furthermore, the reproductive tenure of philopatric,
polygynous queens is often relatively short compared
with dispersing monogynous queens (KELLER & PASSERA
1990, TsuJ1 & Tsuy1 1996). For example, in facultatively
polygynous Formica fusca, queens in polygynous nests
have a shorter life than queens in monogynous nests
(BARGUM & al. 2007). However, this is compensated for
by the facts that by staying in the polygynous colony, the
queen both avoids the risks of dispersal and can imme-
diately start producing sexual offspring instead of having
to produce workers first (KELLER & PASSERA 1990, TsuJt
& TsuJ1 1996).

Finally, the fitness consequences of staying in the natal
colony depend on multiple allocation decisions within
the colony, whose evolution in turn may depend on the
kin structure of the nest (CROZIER & PAMILO 1996). For
example, colony sex and caste allocation may be predicted
to affect the dispersal decision, all else being equal: The
optimal choice for a single gyne could depend on the num-
ber of other competing gynes and the choices they make
(ROSENGREN & al. 1993). The future allocation decisions
also directly affect the fitness of any queen that decides to
stay in the colony. As dispersal decisions alter the social
environment within the colony, it is very difficult to fully
assess the fitness consequences of philopatry vs. disper-
sal (KELLER 1993), and truly understanding the social
selection pressures requires understanding the eco-evo-
lutionary feedbacks on dispersal (see “Consequences of
dispersal”).
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Conflict over dispersal: The optimal dispersal be-
havior is predicted to differ between parent and offspring
perspectives. For the parents, the fitness of each offspring
is equally valuable, but for the offspring their own fitness is
more valuable than that of their siblings. From a parent’s
point of view, high levels of risk can be tolerable, but the
dispersing individual’s risk tolerance threshold is lower,
which leads to a potential parent-offspring conflict over
dispersal (MoTroO 1983). In addition to dispersal itself,
also the distance can be under conflict, as parents favor
longer distances while the dispersers themselves would
rather choose to stay close (STARRFELT & Kokko 2010).
The strength of the conflicts depends on the ecological
setting, and the conflict is stronger when dispersal is very
risky (MoTRoO 1983).

In ants and other social insects, there is potential for
a three-way conflict over dispersal, because the colony
structure complicates the situation. In addition to the par-
ent-offspring conflict (MoTro 1983) between the mother
queen and the dispersing sexual offspring, also the queen
and the workers may have conflicting inclusive-fitness in-
terests. As in other conflicts in insect societies, relatedness
influences what are the optimal strategies for each player
and whether there is potential for conflict (RATNIEKS &
REEVE 1992, CROZIER & PAMILO 1996, RATNIEKS & al.
2006). The dispersal conflict is expected to be amplified
when relatedness asymmetries within the society increase.
That is, the dispersing individuals are expected to value
their direct fitness more, when indirect fitness effects are
diluted through low relatedness to others. However, the ex-
act shape of the potential three way conflicts and whether
they manifest as actual conflicts remain to be studied.

Power over dispersal: Actualization and outcome
of potential dispersal conflicts depend on which party has
most power to control dispersal (BEEKMAN & RATNIEKS
2003). In some organisms, dispersal is strictly under
maternal control: For example, in plants the offspring
have no power over dispersal decisions (MoTRrO 1983).
In animals, the division of power is usually more equal:
For example, in marine invertebrates, the parent controls
the development and release of the planktonic larvae, but
the larvae have power over their own behavior after that
(MARSHALL & MORGAN 2011).

In ants, workers take care of brood, and sex allocation
is in many cases consistent with worker control (MEU-
NIER & al. 2008). Thus, workers may affect the dispersal
patterns by controlling the sex ratios of the brood and
the gyne-worker ratio of the female brood (RATNIEKS &
al. 2006). Workers can also indirectly affect the dispersal
behavior of individual dispersers, since dispersal decisions
are often condition dependent (BOWLER & BENTON 2004),
and workers have the possibility to control larval devel-
opment and thus the condition of dispersing individuals.
However, the relative contribution of workers and the
individuals themselves has been assessed only in a few
cases. Studies on the genetic architecture behind the mass
of individuals have revealed complex interactions between
individual genotype and the social or indirect genetic effect

: SR o G
Fig. 3: (a) Lasius flavus gynes and workers have climbed on a
rock above their nest. The workers of this subterranean species
are rarely seen above ground expect at the onset of dispersal.
(b) Lasius niger males emerging from their nest. Photographs
by S. Hakala.

of rearing workers (LINKSVAYER 2015). In a cross-rearing
experiment on Solenopsis invicta, the origin of rear-
ing workers seemed to affect larval development even
more than the genetic background of the larvae, which
would suggest great worker power (KELLER & Ross 1993),
whereas in a cross-rearing experiment on Temnothorax
curvispinosus (MAYR, 1866), there were direct (the geno-
type of the individual itself), maternal, and worker effects
on the gyne’s mass at maturation, and direct and worker
effects on the male mass (LINKSVAYER 2006). It seems that
the development of larvae is an outcome of both their own
phenotype and their social environment (FJERDINGSTAD
2005, LINKSVAYER 2015, SCHULTNER & al. 2017).
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Worker control over the development of dispersers
does not guarantee that the latter are willing to disperse.
However, as workers outnumber the dispersing individ-
uals, it seems likely that they have power over the actual
dispersal decision as well (BEEKMAN & RATNIEKS 2003,
Fig. 3a & b). Worker behavior at the onset of dispersal has
not been studied quantitatively, but there are anecdotes of
workers controlling the movement of winged individuals
and forcing them out of the colony at the appropriate time
(e.g., TALBOT 1956). In mammals, forced natal dispersal
is common, although aggression is not usually targeted
towards relatives, but rather towards unrelated juvenile
individuals competing for resources (WOLFF 1993). Be-
havioral studies are needed to assess the role of aggression
towards gynes at the onset of dispersal and the likelihood
of forced dispersal in ants. In supercolonial Linepithema
humile, execution of older egg-laying queens is common,
as workers kill up to 90% of the queens in their colonies
each spring, possibly to control the relatedness and queen
number (KELLER & al. 1989, INOUE & al. 2015), which could
be a delayed manifestation of an unresolved conflict over
dispersal. But with no theoretical assessment of the direct
benefits of such behavior to the workers, this remains
speculative and begs further investigation.

In independently founding species, gynes and males
control their own movement after leaving the natal colony,
and the gynes choose where they settle to found a colony.
In contrast, in dependently founding species, workers have
almost full control over all stages of dispersal. Workers
choose which gynes (or queens, or queen-destined brood)
to carry to a new location. Dependent colony founding
has evolved when the success rate of independent colony
founding is low due to environmental reasons (MOLET &
al. 2008, CRONIN & al. 2013). As higher dispersal risks
theoretically also result in stronger conflicts over dispersal
(Motro 1983), dependent colony founding could also re-
solve the dispersal conflict, as it both decreases the risk for
the gynes and allows workers to alleviate local competition
by moving queens to new nests.

Environmental selection pressures: Evolution of
dispersal, and especially of dispersal distance, is strongly
linked to local environmental factors. The ecological set-
ting affects dispersal, either immediately through facul-
tative and condition dependent decisions based on the
information individuals are able to obtain (Kokko 2003,
CLOBERT & al. 2009), or through natural selection.

Theoretically, colonizing new habitats is an impor-
tant selection pressure for dispersal (VAN VALEN 1971,
OLIVIERI & al. 1995). However, the time scale for such
selection is long, because it plays out only when current
habitat becomes unsuitable. Thus, selection for disper-
sal through the need for colonizing new habitats likely
depends on selection for decreasing fitness variance in a
lineage, rather than increasing immediate mean fitness
(i.e., bet-hedging, STARRFELT & Kokko 2012). Also the
spatial scale of colonizing new habitats is large in ants:
For central place foragers, even short-range dispersal is
often enough to mitigate the harmful effects of kin com-
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Fig.4: Crematogaster sp. gyne after leaving the natal colony,
making further dispersal decisions on the go. Note the big
mesosoma with strong flight muscles. Photograph by Alejandro
Santillana, published as a part of the “Insects Unlocked” project.

petition, but finding new habitats requires long-range
dispersal. Thus, it is not clear how strong direct selection
for colonizing new habitats can be. In general, long range
dispersal is probably rarely maintained purely for dis-
persal alone, but is often a byproduct of traits selected
for other reasons, such as avoiding predators and finding
mating partners (VAN DYCK & BAGUETTE 2005, NATHAN
& al. 2008, BURGESS & al. 2016).

In general, long-range dispersal away from the current
patch increases when local resource competition is high
due to small size, low quality, or high competitor density of
the current patch (POETHKE & HOVESTADT 2002, CLOBERT
& al. 2009). To our knowledge, studies assessing the rela-
tion of habitat quality and individual dispersal decisions
have not been done on ants. However, it is clear that hab-
itat quality impacts colony condition and thus affects the
overall dispersal patterns through the amount and quality
of dispersers the colony produces. As an extreme exam-
ple, in Cardiocondyla the colony condition affects which
male morph it produces: Under good conditions, the less
costly wingless males are produced, while the more costly,
substantially larger winged males appear in unfavorable
conditions (CREMER & HEINZE 2003). Similar condition
dependency might affect the quality of dispersers in other
ant species as well. Variation in individual quality, in turn,
affects single dispersal events, so that not all individuals
disperse the same way (CLOBERT & al. 2009, LowE &
MCcPEEK 2014). For example in Formica truncorum (FAB-
RICIUS, 1804), the individuals in better physical condition
seem to be more likely to initiate dispersal (SUNDSTROM
1995). There are no studies measuring how dispersal dis-
tances correlate with individual condition in ants.

After the decision for long range dispersal has been
made, patch connectivity and quality of surrounding hab-
itat matrix affect the success of dispersal (HANSKI 1999,
FAHRIG 2001), as does the predation pressure (HELMS
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2018). Individuals are likely to base their decisions on
information about their immediate surroundings and
their own physical condition (Fig.4), whereas conditions
further away and at a later time point are more likely to
work through eco-evolutionary feedbacks.

Consequences of dispersal

Dispersal has important consequences on different spa-
tial and temporal scales. In dispersal, individual and
population level processes are connected through eco-
logical and evolutionary feedbacks that interact through
population dynamics. Ecological feedbacks result from
resource availability and social interactions, while evo-
lutionary feedbacks result from different fitness benefits
of alternative strategies (BOWLER & BENTON 2004). Sep-
arating causes and consequences of dispersal is partly
arbitrary and full understanding of dispersal requires
understanding the eco-evolutionary feedbacks at play.
In this section we briefly list consequences of dispersal,
but mostly discuss the potential feedbacks affecting ant
dispersal, even though research on these questions still
largely awaits to be done.

Colony allocation decisions and conflicts: Tak-
ing co-evolving dispersal and mating strategies into ac-
count can deepen our understanding of social conflicts
within ant societies. Relatedness among different mem-
bers of the colony has been shown to affect many allocation
and behavioral decisions and is also predicted to affect
dispersal decisions and thresholds of accepting addi-
tional philopatric queens in the colonies (PAMILO 1991a,
b, BOURKE & FRANKS 1995, CROZIER & PAMILO 1996). If
some of the queens avoid dispersal and stay in their natal
colony, relatedness is also immediately altered, which
could lead to interesting feedback loops.

The potential conflict over queen number is influenced
by the dispersal optima of the parents (queen and colony)
and the offspring (gynes and males). The optimal dispersal
rules of gynes have not been assessed by detailed theory,
but a simple prediction is that they should seek adoption
more readily than the colonies are willing to allow (MoTRO
1983). For workers, the difference between inclusive-fit-
ness effects of accepting or rejecting an extra queen into
the colony decreases with increasing queen number (Cro-
ZIER & PAMILO 1996). Thus, if the queen number increases
enough (due to any reason), additional queens have only
negligible effects on the relatedness between nestmate
and the workers. Eventually, the selection to control queen
number may be weakened or even overrun by other se-
lection pressures. This kind of feedbacks might in part
explain extremely high queen numbers per nest (tens
and even hundreds), such as those found in Formica ants
(ROSENGREN & al. 1993) and other supercolonial species,
even though multiple other causes may explain the original
switch to polygyny.

Dispersal decisions can also be predicted to affect other
within-colony conflicts. The higher the number of queens
per nest is, the more are workers predicted to police re-
production by other workers, which over time resolves the

queen-worker conflict over male production (RATNIEKS &
al. 2006). Similarly, the more queens are recruited back
into their natal colonies, the smaller the queen-worker
conflict over sex ratio is predicted to be. This is because
having multiple queens dilutes the relatedness asym-
metries between workers and the male and female brood,
and the sex ratio optima of both parties converge towards
1:1 (TRIVERS & HARE 1976, BOURKE & FRANKS 1995).
However, in practice the sex ratios in sexual brood might
not reach exactly 1:1 in polygynous societies, because part
of the worker force can be considered an investment in the
gynes that stay and start laying eggs in the natal colony
(PaMILO 1990), in a similar manner as in dependently
founding species where the resource allocation for gynes
happens partly through the workers that help them found
colonies (PEETERS 2012). This kind of indirect resource
allocation makes it hard to consider the exact fitness con-
sequences of these dispersal strategies.

There is also another potential feedback between dis-
persal and sex ratios in ant colonies: Local mate compe-
tition caused by philopatric males skewing optimal sex
ratios towards females could explain at least part of the
observed sex ratio bias (ALEXANDER & SHERMAN 1977).
This hypothesis has not gained large support among so-
cial insect researchers as local mate competition has
been deemed unlikely in species with mating flights and
male-aggregation mating system — but the hypothesis
may have been dismissed prematurely (HELANTERA 2016).
Local mate competition theories can be useful especially
when explaining female biased allocation connected to
derived dispersal strategies, such as completely flightless
ants (e.g., Cardiocondyla sp. (SCHREMPF & al. 2005)),
social parasites (e.g., Plagiolepis xene STARCKE, 1936
(ARON & al. 1999)) or highly polygynous species (e.g., Myr-
mica sulcinodis NYLANDER, 1846 (PEDERSEN & BOOMSMA
1998)).

Population dynamics: Dispersal has the potential
to alter population dynamics and different dispersal strate-
gies may impact persistence of populations over evolution-
ary time scales. Population genetics offers excellent tools
forinferring large-scale patterns of dispersal (BALLOUX &
LuGcoN-MoULIN 2002).

In most studied ant taxa the spatial scale of dispersal
seems to be small and the resulting population structures
genetically viscous (R1sSING & PoLLOCK 1986, SEPPA &
PAMILO 1995, Ross & al. 1997, SUNDSTROM & al. 2005).
As suggested already by HOLLDOBLER & WILSON (1977),
this holds true especially in polygynous species and pop-
ulations, showing that social structure and dispersal are
tightly linked in ants (SUNDSTROM & al. 2005). Especially
species using only dependent founding have very viscous
populations due to reduced gyne dispersal (SANETRA &
CROZIER 2003, BERGHOFF & al. 2008, BARTH & al. 2013,
SANLLORENTE & al. 2015, PEETERS & ARON 2017). How-
ever, this may be a biased view, as species using strategies
with limited gyne dispersal have been studied more (SEPPA
2009, JOHANSSON & al. 2018). In contrast, lack of viscosity
has been shown in a handful of species, e.g., in Lasius ni-
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ger (see BooMsMA & VAN DER HAVE 1998), Formica fusca
(see JOHANSSON & al. 2018), and Temnothorax rugatulus
(EMERY, 1895) (RUPPELL & al. 2001). More balanced sam-
pling of species and careful consideration of the spatial
scales used would show if short distance dispersal and
population genetic viscosity are general traits in ants, and
which are the correlated life history traits.

Climate change will put pressure for range shifts on
natural populations (HELMS & BRIDGE 2017), and addi-
tionally habitat fragmentation affects them (SUNDSTROM &
al. 2005, SEpPA 2009). The high extinction risk of isolated
populations is demonstrated for example in tree-living ant
communities where the ant assemblages in isolated trees
are sensitive to local extinctions (GovE & al. 2009). Espe-
cially the species using strategies of limited gyne dispersal
(dependent colony founding, high levels of polygyny, the
flightless social parasites) are particularly at risk for facing
colonization problems. Although these strategies may be
beneficial locally, they can lead to extinction when the
local habitat becomes unsuitable. The dispersal abilities
and extinction risks of ant taxa using strategies of limited
gyne dispersal should be properly assessed.

Even in well dispersing species, search efficiency for
suitable habitats may affect population structure. For
example, Lasius neoniger EMERY, 1893 and Solenopsis
molesta EMERY, 1895 gynes were shown to be inefficient
in returning to their preferred habitat when displaced, in-
dicating that they cannot search for it effectively (WiLson
& HUNT 1966). Ant populations indeed seem to be patchy
over large spatial scales, with species often not occurring
in locations with suitable habitat (WiLsoN 1955, LEVINGS
1983). This indicates that ant dispersal is either not strong
enough in terms of propagule pressure or not informed
enough in terms of their patch-finding ability, to guarantee
high occupancy everywhere. Such chance effects might
lead to problems in case the suitable habitat becomes rarer.

Community dynamics: Interspecific variation in
dispersal has an important role in community dynamics.
Island biogeography theories (MACARTHUR & WILSON
1967, KADMON & ALLOUCHE 2007) predict that more iso-
lated or fragmented habitats are expected to have poorer
ant communities. The limited dispersal of many ant spe-
cies may strengthen such patterns. BRUHL & al. (2003)
indeed show that in Malaysian rainforest, a bigger con-
tinuous forest area has twice as diverse ant community
than the fragmented areas, which is rather worrying from
conservation perspective.

Ant community research has focused on two main
factors: how different environmental conditions shape
the communities and what is the role of competitiveness
(e.g., DAVIDSON 1980, LEVINGS 1983, SAVOLAINEN & VEP-
SALAINEN 1988, ANDERSEN 1992, BESTELMEYER 2000).
Competitive abilities of the species already present at a
location affect the success of new dispersers trying to settle
(VEPSALAINEN & PISARSKI 1982). Colonies in ant commu-
nities are often evenly spaced both intra- and interspecif-
ically (LEVINGS & TRANIELLO 1981, LEVINGS & FRANKS
1982, CHEW 1987), demonstrating that new colonies are
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founded within equal distances from the existing ones in
order to minimize competition — or colonies compete until
only some survive. In Myrmecocystus mimicus WHEELER,
1908 workers of nearby colonies are shown to prevent
colony founding (HOLLDOBLER 1981).

In this light, possible correlations between compet-
itiveness and dispersal ability should be influential for
the formation of ant communities. Overall, VEPSALAINEN
& P1SARSKI (1982) stressed how important the species’
dispersal and colony founding characteristics are in the
structures of ant communities: Better dispersing species
generally reach new areas more easily and might get ad-
vantage for early settlement regardless of their competitive
abilities, whereas, for example, social parasite species
cannot settle in an area where their host species does not
already exist.

Also within-species variation in dispersal behavior
plays a role in community dynamics (LOWE & MCPEEK
2014), and since it is rather large in many ant species,
and correlates with their social structures, its role in ant
communities should be assessed. The dispersing individ-
uals may have different traits or trait values than the more
philopatric individuals of the same species and these traits
can shape the species communities more than generally
appreciated.

Evolutionary transitions in dispersal: We have
argued that dispersal is both a social trait and a determi-
nant of the kin structures that create the selective regime
for social traits. Thus, dispersal is prone to eco-evolution-
ary feedbacks. To understand the evolutionary transitions
in ant dispersal strategies (Fig.5), we need to understand
how such feedbacks affect the different aspects of disper-
sal. At the moment, such questions are largely unanswer-
able due to lack of data on dispersal traits across the whole
ant phylogeny. Below, we briefly list some examples of
traits and feedbacks that may prove to be important. Our
speculation focuses mostly on the kin-selected adaptive
consequences. As both species specific idiosyncrasies
and broader ecological selection pressures undoubtedly
contribute to the variation observed, we stress that the
predictions we outline are best tested with observing
trends in broad phylogenetic comparisons.

The first major evolutionary step in ant dispersal is the
switch from non-claustral to claustral colony founding.
While it is easy to see how high risks during the founding
stage select for such a strategy (HOLLDOBLER & WILSON
1990), the switch requires a large suite of changes on the
metabolism and size of the queens (BROWN & BONHOEFFER
2003), accompanied with miniaturization of the workers
to reduce the cost of the first worker brood (PEETERS &
ITo 2015). In order to understand the consequences of
such changes, we need to understand correlates of larger
resource allocation per queen accompanied with smaller
resource allocation per worker, and how they affect further
evolution. Possible correlates include further changes in
worker sizes and numbers (which could consequently
change the ecological status of the species) and changes
in mating systems, driven by changes in operative sex
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Fig.5: The proposed evolutionary paths between colony found-
ing strategies (see Tab.1 for explanations of the terms). The
evolutionary pathways from one dispersal and nest founding
strategy to another have been widely discussed in the literature
(see main text for details and references), but comprehensive
phylogenetic analyses have not been made so far. Here, we
present a hypothesis for the most likely evolutionary scenario
for the switches between strategies. The arrows indicate the
evolutionary direction from ancestral to more derived strat-
egy, but also reverting back seems to occur commonly. The
ancestral strategy in ants is independent, non-claustral colony
founding, from which claustral founding has evolved (KELLER
& al. 2014). Army ants have arisen from non-claustral ances-
tors and pleometrotic species are usually claustral, but further
analysis is needed to conclusively distinguish which of the two
independent nest founding strategies is ancestral to some of the
other strategies, and they are therefore grouped here.

ratios. As both reversals to non-claustral founding and
intra-specific variation in claustrality occur (STILLE 1996,
BROWN & BONHOEFFER 2003), it seems that claustrality is
evolutionarily reversible. An important question in need
of empirical and theoretical attention is whether claustral
or non-claustral founding is more likely to lead to further
transitions to other strategies, such as dependent colony
founding.

Pleometrosis is a strategy that usually occurs com-
bined with claustral colony founding (BERNASCONI &
STRASSMANN 1999), but is also possible in non-claustral
species (e.g., Pogonomyrmex californicus (BUCKLEY, 1867)
JOHNSON 2004). This strategy requires synchronized
mating flights, and large numbers of individuals to ensure
colony founding partners. It remains poorly understood
whether pleometrosis is associated with more or less
investment per queen at the colony level and how that
affects dispersal distances or the population densities. In
addition to the ecological correlates for this strategy, we
need to understand the selection pressures arising from
social interaction among the founding queens and their
first workers, such as the effects of honest or dishonest
signaling of queen condition and productivity (RISSING &
PoLLoCK 1986, NoNACS 1992, HOLMAN & al. 2010).

The next evolutionary steps towards more derived
dispersal strategies, dependent colony founding and po-
lygyny, answer similar ecological demands: They are both

predicted to evolve when the dispersal risks are high and
the colony-founding success is low, for example due to
high competition, nest site limitation, habitat patchiness
or predation (BOURKE & FRANKS 1995, CRONIN & al. 2013,
BooMsMa & al. 2014). Both of these strategies are very
variable, and have evolved several times in vastly differ-
ent ant taxa, meaning that no single explanation for their
evolution is enough. It has been suggested that selection
against dispersal may lead to readoption of queens in
their natal colonies, which then can lead to the evolution
of dependent colony founding (BOURKE & FRANKS 1995,
HEINZE & TsuJ1 1995, CRONIN & al. 2013). Polygyny and
dependent founding indeed often co-occur (KELLER 1991,
CRONIN & al. 2013). However, this is not a general rule,
and a direct causal link between these strategies does
not always exist as dependent founding has evolved also
independently from polygyny (CRONIN & al. 2013). In
the case of these strategies, potential feedbacks are less
speculative, as local recruitment of queens changes the
local kin structures and resource allocation that drive
dispersal itself. For the gynes, it may be beneficial to
exploit the colony resources instead of taking the risks of
dispersal, especially when relatedness is low.

Low success of long-range dispersal leads to selec-
tion for limited dispersal and more philopatric behav-
ior in insects and can create evolutionary prospects for
morphological and behavioral changes leading to stayer
morphs (HARRISON 1980, ZERA & DENNO 1997). In ants,
long distance dispersal can in extreme cases disappear
completely, as in flightless dependently founding gynes
(PEETERS 2012) or in some of the supercolonial species
(HELANTERA & al. 2009). Paradoxically, supercoloniality
is a successful dispersal method in continuous habitats
— even though the gynes may not be good at dispersing,
the colonies spread efficiently by budding. For example,
wood ants have colonized Northern Eurasia very fast
after the last glaciation (PAMILO & al. 2016). Even more
extreme cases can be found in invasive species across their
introduced habitats: For example, Linepithema humile
has spread through the Mediterranean coast as a single
supercolony since the 19th century (GIRAUD & al. 2002,
WETTERER & al. 2009). Regardless, both supercoloniality
and dependent colony founding lead to colonization prob-
lems in fragmented habitats, which may partly contribute
to the notion that such lifestyles are evolutionary dead
ends. Even though they are beneficial strategies locally and
on shorter time scales, and seem to have evolved rather
easily in several ant taxa, they do not necessarily survive
and radiate on evolutionary time scales (HELANTERA & al.
2009, PEETERS 2012).

It has been suggested that parasitic nest founding
strategies (temporary parasitism and inquilism) are an
evolutionary consequence of selection for selfish philopa-
try within polygynous societies, leading to intraspecific
parasitism and after a host shift or speciation, to interspe-
cific parasitism (BUSCHINGER 2009, BooMsMA & al. 2014).
The third type of social parasitism affecting dispersal
evolution, xenobiosis, seems to follow a different evolution-
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ary pathway. Xenobiotic species are not closely related to
their hosts, and their development is not tied to the host
resource allocation, as they take care of their own brood
(BUSCHINGER 2009). Dependency on host resources, and
possible coevolution with host colony allocation decisions
and caste determination, may direct also dispersal evo-
lution of parasitic species. Small size, which is especially
common among inquilines (BUSCHINGER 2009), helps
deceptive development into queens with the amount of
resources the host allocates for the development of its own
workers (NONACS & TOBIN 1992). As small queen size likely
further selects against independent founding, this should
result in the parasites being more strictly dependent on
their hosts.

It is clear that all parasite species are somehow re-
stricted in their dispersal because they can only settle on
locations where one or more of their host species already
live (VEPSALAINEN & PISARSKI 1982, BUSCHINGER 1986).
Especially inquilines and xenobiotic species can be seen as
extreme habitat specialists, because the host nests are the
only suitable habitat for these species. This is suggested
to be a reason why these species have so often lost their
flight ability: Dispersal by wing has a high risk of flying
to areas without suitable hosts (BRANDT & al. 2005). In
contrast, temporary parasites have kept their flight ability,
and consequently colonization ability, more frequently
(BUSCHINGER 2009). Connectivity and continuity of the
host populations need to be considered in order to under-
stand the evolution of the parasitic strategies, since all
social parasites coevolve with their hosts, but the coevo-
lutionary dynamics may direct the evolution of different
strategies to different directions (BRANDT & al. 2005).

Conclusions and future directions

We identify four key areas where further research would
help to understand the causes and consequences of ant
dispersal: comparative analyses on dispersal evolution
and life history traits, gene flow analyses with non-biased
species sampling, understanding the genetic architecture
of the traits relevant for dispersal, and formulating testable
theories for ant dispersal.

First, comprehensive data on colony life-history traits
are needed for a wide variety of ant taxa, including at least
sizes of different castes and resident queen numbers, as
well as behavioral data on dispersal and mating. Ideally
also details on allocation ratios and individual morphology
should be documented. Importantly, these data should
be collected for males, too, as they are currently seri-
ously understudied. This dire need for comparative colony
life-history data has been identified for a long time (STARR
2006) and the coordinated efforts to build databases have
recently given hope for progress (PARR & al. 2017). Phy-
logenetic comparative analyses combined with environ-
mental data (climate, local communities) have proven
insightful in other social evolution contexts, such as un-
derstanding the relation between cooperative breeding
and habitat harshness (CORNWALLIS & al. 2017, GRIESSER
& al. 2017). Such analyses would allow teasing apart the
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crucial preadaptations and possible correlates for the evo-
lution of different dispersal strategies, in addition to un-
derstanding the ecological drivers. Also the long-standing
hypotheses of certain dispersal strategies as evolutionary
dead ends (supercoloniality, dependent colony founding,
parasitic strategies) should be subjected to rigorous tests.

Second, as dispersal is a multi-phase process, and the
observation of movement does not comprise data on suc-
cessful gene flow, descriptive population genetic structure
data are needed. These data should be collected without
the current biases with respect to the life histories of the
taxa. While these are labor-intensive data, the increasing
cost efficiency of genotyping, and the possibilities of using
museum samples (WANDELER & al. 2007) means that this
is achievable for a large number of species. Data on the dis-
persal strategies and environmental conditions should be
incorporated in the analysis and studies on larger spatial
scales are also needed. Modern landscape genetic methods
that do not require identifying discrete populations are a
useful option for analyzing this kind of data (MANEL & al.
2003, MANEL & HOLDEREGGER 2013).

Third, experimental and genomics approaches allow
further understanding of the basis of dispersal related
phenotypes and the potential constraints of adaptation
(SAASTAMOINEN & al. 2017). Investigating the relative roles
of direct and indirect genetic effects (LINKSVAYER 2015)
on developmental outcomes and behavioral decisions may
shed light on how the traits potentially respond to selec-
tion. Sequencing approaches complement the picture by
allowing to understand the role of plastic gene expression
underlying dispersal phenotypes, possible pleiotropic
constraints and elements of parallel and lineage specific
evolution of the genomic underpinnings of dispersal phe-
notypes.

Fourth, careful theoretical work on co-evolving traits
in ant dispersal is needed to make the most of the compar-
ative data. Models of coevolution of social traits and popu-
lation structures have demonstrated strong feedbacks. For
example, POWERS & al. (2011) show that population struc-
ture drives social evolution, but also that social behavior
affects the population structure and therefore enhances
the evolutionary process. VAN DYKEN & WADE (2012) stress
how important it is to consider the connection between the
evolution and the ecology of social behavior, when study-
ing the evolution of different altruistic strategies. Similar
dynamics of social niche construction (Ryan & al. 2016)
are likely at work in the dispersal evolution of ants. Also
the possible social conflicts over dispersal among multiple
actors in the colonies should be incorporated in the future
models on ant dispersal. Similarly to models of sexual
selection and sexual conflict (CHAPMAN & al. 2003), traits
of one class of individuals are the key selective pressures
to the other class. Testable models of sex-biased dispersal
in ants, in connection to evolution of mate location, have
potential to illuminate some of the open questions of the
field, especially since empirical tests of kin-selection based
theories of sex-biased dispersal remain surprisingly scarce
overall (L1 & KOKKO in press).
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Considering the ecological importance of ants, it is
surprising how little is still known of their dispersal and
colonization behavior. Even though ants are seemingly
robust and numerous, their effective population sizes are
often very small, which makes them more vulnerable than
one might think (SEpPA 2009). In this light, understand-
ing ant dispersal has direct conservation relevance in
environments undergoing rapid human induced change.
In order to understand vulnerability of ant populations,
dispersal is a key process at the intersection of behavior
and population dynamics. To understand dispersal, we
need to understand its ecological context, individual level
determinants and evolutionary history.
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CHAPTER 11

TIIVISTELMA

1923)
1758)

alasuku, johon kuuluu noin tusinan verran lajeja. Ne

Loviniskamuurahaiset = (Coptoformica Miiller,

on suomumuurahaisten (Formica Linnaeus,

elavat tyypillisesti avoimilla alueilla, ja rakentavat
pienid kekomaisia pesid heindstd. Alasuvun uusin laji,
suomenloviniska (Formica fennica Seifert, 2000) kuvattiin
morfologisiin  tuntomerkkeihin ~perustuen, mutta
lajistatusta ei ole varmistettu molekyylituntomerkeilla.
Tassd tutkimuksessa kdytimme kolmeatoista DNA-
mikrosatelliittijaksoa seka osittaista mitokondrion COI-
geenin sckvenssid selvittidksemme suomenloviniskan
ja kuuden muun pohjoisella havumetsivyohykkeelld
eldvin loviniskamuurahaislajin perinnéllisté vaihtelua.

Suurin osa tutkimistamme lajeista muodostaa toisistaan
erillisid yksikoitd seka fylogeneettisissd ettd spatiaalisissa
analyyseissd, ja lajinsisdinen geneettinen vaihtelu on
yleensd pientd. Suomenloviniska ryhmittyy kuitenkin
yhteen toisen lajin, karvaloviniskan (F exsecta Nylander,
1846), kanssa. Naiden kahden lajin muodostaman
ryhmin sisdinen geneettinen vaihtelu on suurta, mutta
se heijastelee enemmén maanticteellisid eroja kuin
morfologisia eroavaisuuksia. Suomenloviniskaa ei voida
pitdd erillisend lajina, vaan yleisen karvaloviniskan

paikallisena muotona.
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ABSTRACT

Coptoformica Miiller, 1923 is a subgenus of Formica Linnaeus, 1758 that consists of c. a
dozen species of ants that typically inhabit open grassy habitats and build small nest
mounds. The most recent addition to the group is Formica fennica Seifert, 2000. The
description was based on morphological characters, but the species status has not been
confirmed by molecular methods. In this study, we use thirteen DNA microsatellite
markers and a partial mitochondrial COI gene sequence to assess the species status of
F. fennica, by comparing the genetic variation among samples identified as F. fennica
and six other boreal Formica (Coptoformica) species. Most of the species studied form
separate, discontinuous clusters in phylogenetic and spatial analyses with only little
intraspecific genetic variation. However, both nuclear and mitochondrial markers fail
to separate the species pair F. exsecta Nylander, 1846 and F. fennica despite established
morphological differences. The genetic variation within the F. exsecta/fennica group is
extensive, but reflects spatial rather than morphological differences. Finnish F. fennica
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(Mayr, 1963), which is a plausible explanation for the high amount of cryptic diversity
found in ants (Seifert, 2009). Also, hybridization between recently diverged lineages is
common and further complicates species delimitation (Abbott et al., 2013)—also in ants
(Seifert, 1999). To some extent, inferring the boundaries between species has always been
and will always be a matter of agreement and a subject to debate.

Nonetheless, assessing where the species boundaries are is crucial for biologist, and
all fields of biology rely on species delimiting done by taxonomists, and the species
identification criteria they provide. Using the most up-to-date knowledge is especially
important in ecology and population biology, where the behavior or genetics of multiple
populations is studied simultaneously. The conclusions of these studies depend on
the correct species identifications. Bortolus (2008) argues that mistakes in taxonomy
in ecological studies can have major cascading errors in our understanding of nature.
Ecological studies and descriptions of biodiversity are also the basis on which conservation
decisions are made, and thus correct species identification should be a main concern
(Bortolus, 2008; Pante et al., 2015).

Ants in the genus Formica Linnaeus, 1758 have been widely studied due to their social
behavior and ecological importance. Species delimitation and identification in this taxon
is difficult because some of the species are relatively young (Goropashnaya et al., 2012).
Hybridization is common between closely-related species, and the hybrids are often fertile
(Czechowski, 1993; Seifert, 1999; Goropashnaya, Fedorov & Pamilo, 2004; Korczytiska et al.,
20105 Kulmuni, Seifert & Pamilo, 2010). Especially morphological species identification of
ants and other social insects has a major practical difficulty that is unique to these taxa
(Ward, 2010): in many studies species identification is done from worker samples alone,
since sampling sexual castes, i.e., the reproductive queens and males, is more difficult.
Compared to sexual castes, workers have less morphological variation among species and
often more variation within species, which makes species identification with morphological
attributes especially difficult (Ward, 2010).

Coptoformica Miiller, 1923, is a subgenus of Formica. Ants in this subgenus live in open
habitats and build small nest mounds of grass, typically 2040 cm high in some of the
species, and very low heaps in some of the species (Seifert, 2000; Punttila ¢ Kilpeldinen,
2009) with a basal area varying greatly (Sorvari, 2009). They chop nest material into smaller
pieces with their strong mandibles and jaw muscles that extend into the occipital corners
of their heads, which gives them their distinctive heart-shaped heads (Seifert, 2000). The
group includes c. 12 species in the Palaearctic (Seifert, 2000; Schultz & Seifert, 2007). Since
the Coptoformica subgenus has several rare species, and their preferred habitats, such as
meadows and mires, belong to the most threatened habitat types in Finland (Kontula
& Raunio, 2009), they are a candidate group for future conservation efforts. According
to National Red Lists (2018) several species of the group are threatened at varying levels
in different European countries, and many of them have declining populations (Seifert,
2000). At the moment in Finland, only one of the species, Formica suecica Adlerz, 1902
is classified as Near Threatened (IUCN Red List Category NT) due to the overgrowing
of their preferred habitats, whereas the rest of the five species occurring in Finland are
classified as Least Concern (IUCN Red List Category LC) (Rassi et al., 2010).
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The most recently described species is Formica fennica Seifert, 2000. The description
is based on morphological features of samples collected from three locations in Finland
and one in the Caucasus, Georgia, with one queen sample from Finland (Kitee) denoted
as the holotype (Seifert, 2000). Since then, the species has been identified from several
other locations in Finland, predominantly from mires in the northern parts of the country
(Punttila & Kilpeldinen, 2009), from one location in Norway, also from “wet conditions”
(Suvik, 2013), and from another location in the Caucasus, Azerbaijan (Schuliz ¢ Seifert,
2007). Based on morphology, F. fennica and Central Asian F. manchu Wheeler, 1929 are
considered to be sister species (Seifert, 2000), but locally in Finland, F. fennica is both
morphologically and ecologically very similar to F. exsecta Nylander, 1846. Formica exsecta
is the most widely distributed species of the subgenus (Schultz & Seifert, 2007), and it is very
variable both morphologically and ecologically (Seifert, 2000). According to Seifert (2000),
F. exsecta and F. fennica are separated from each other by the distribution of standing setae
on the gastral terga and clypeus, and by the number of semi-erect setae on the craniad
profile of forecoxae. Since there is a lot of variation in each of these characteristics in both
species, nest samples with multiple workers are needed to calculate the averages of the
characteristics for the separation of the species (Seifert, 2000).

The identification of F. fennica is further complicated by the existence of a pilosity-
reduced form of F. exsecta, that was originally described as a separate species called Formica
rubens Forel, 1874. Not much is currently known of this morph. Based on the original
description, F. rubens is larger and more brightly and evenly red than F. exsecta (Forel, 1874).
According to current understanding, intraspecific color morphs are very common in ants,
as is size variation, and usually these kinds of characters are not adequate for species
identification (Seifert, 2009). Formica rubens was recently synonymized with F. exsecta
based on the examination of four individuals of the type series collected from Switzerland,
because all morphological characters measured were within the range of F. exsecta (Seifert,
2000). However, after the synonymization, Qdegaard (2013) stated: “F. (C.) rubens is
interpreted as a mutant conspecific with F. (C.) exsecta (Bernhard Seifert in litt.), but it is
not impossible that F. rubens may turn out to be a good species in the future.” Odegaard
(2013) recommended using extreme caution when identifying F. fennica. In Qdegaard’s
(2013) data from Coptoformica colonies from mires in Hedmark, Norway, several colony
samples fit the description of F. fennica based “on the presence of microhairs on the eyes
combined with lack of setae on T1 and T2 and partly T3, and 0-3 setae on the front of
the fore coxae”, but these were identified to represent the setae-reduced rubens mutant
of F. exsecta, even though the details of the identification are not mentioned. Similarly,
the Finnish mire samples of Formica fennica studied by Punttila ¢ Kilpeldinen (2009) were
identified using the same key (Seifert, 2000), but it cannot be ruled out that they represent
another case of the rubens morph.

The close resemblance to F. exsecta and F. fennica, and the lack of molecular verification
of the species status of F. fennica created the need for this study. Using only morphological
methods for species identification is risky in the presence of intermediate individuals, and
makes further ecological studies on these two species very difficult. Molecular methods
have proven to be especially valuable when working with morphologically conserved
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species groups: the number of described cryptic species has increased exponentially after
the introduction of polymerase chain reaction (PCR) and the molecular methods it enables
(Bickford et al., 2007). Conversely, also two morphs of a same species can be erroneously
described as two separate species, which are later synonymized after more thorough
examination. This is not a trivial phenomenon: A Web of Science search (January 2018)
with the search query “synonymiz* OR synonymis*” yields 3,658 articles labelled with some
ecological field (zoology, entomology, plant sciences, evolutionary biology, biodiversity
conservation, marine freshwater biology, ecology, mycology, parasitology, microbiology,
limnology, ornithology). Thus, confirming the taxonomy of studied taxa with molecular
methods is very advisable.

In this work we evaluate the existence of F. fennica as a separate species using molecular
methods, and investigate its position in Formica phylogeny (Goropashnaya et al., 2012).
The goal of this study is to test whether F. fennica is a separately evolving lineage in the
same extent as the other species of the subgenus. Given that we use genetic data as our
sole line of evidence, our approach is consistent with the biological species concept that
emphasizes reproductive isolation and the lack of gene flow as the most important species
delimiting properties (Mayr, 1942). The hypothesis is that all seven morphologically
identified Coptoformica species included in this study are recovered as separate lineages
also in analyses based on molecular methods. Further, we test the hypothesis of F. fennica
being a sister species of F. manchu (Seifert, 2000) among the limited number of species
used in this study. The aim of the sampling scheme is to investigate the species status of
F. fennica in Finland, in the currently known core area of its distribution, leaving other
biogeographical areas outside the scope of this study.

MATERIALS AND METHODS

Sampling and species identification

The bulk of samples used in this study were collected during the 10th Finnish National
Forest Inventory (NFI) carried out by the Natural Resources Institute Finland (earlier
Finnish Forest Research Institute) during the years 2005-2008, also used by Punttila &
Kilpeliinen (2009). This dataset was supplemented with additional samples from various
areas of Finland, collected during the years 2008-2015 (Fig. 1; Table S1). The study area
covers over 1,100 kilometers in south-north direction, reaching from the hemiboreal zone
to the northern border of the northern boreal zone. Samples of two additional species
from eastern Siberia, Formica pisarskii Dlussky, 1964 and F. manchu were also included.
These samples were originally collected for another study (Goropashnaya et al., 2012) and
the original morphological identifications were done by B. Seifert (P. Pamilo in litt.).

The samples collected in Finland included usually 15-20 individuals per nest, but in rare
cases—when the amount of active workers was low due to bad weather or to the weakened
condition of the nest population—this amount was not achieved. The ants were identified
with the key of Seifert (2000) using sample averages of the critical characteristics based
on five or more worker individuals. When identifying F. fennica from less hairy samples
of F. exsecta, 10-20 workers were inspected. When the sample contained less workers, all
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the available individuals were checked. All individuals identified as F. fennica using this
key are hereafter referred to with this name, with the understanding that identifications
as the rubens morph of F. exsecta might in some cases be more accurate (Qdegaard, 2013).
In total, the Finnish dataset includes all the five Coptoformica species known to occur in
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Table 1 Geographic distributions of the study species in the Palaearctic Region, reproduced from Schultz ¢ Seifert (2007).

Species Distribution in Europe Distribution in Asia

F. exsecta Temperate to boreal, planar to subalpine and Oreo-Turanian and Tibetan to boreal, montane to
submeridional-subalpine subalpine

F. fennica South boreal and Caucasian-montane ?

F. forsslundi Temperate to boreal, planar to submontane Tibetan to Central-Siberian-Daurian

F. manchu - Tibetan to Central-Siberian-Daurian

F. pisarskii - Mongolian to Central-Siberian-Daurian

F. pressilabris

F. suecica

Temperate to south boreal, planar to subalpine Tibetan to Central-Siberian-Daurian and East Manshurian,

montane to subalpine

North temperate to boreal, in the Alps montane to —/?

subalpine

Notes.
“not present
7
‘not known

Finland: F. fennica (33 nests from 26 locations), F. exsecta (38/27), F. pressilabris Nylander,
1846 (42/29), F. forsslundi Lohmander, 1949 (13/10), F. suecica (2/1). The geographic
distributions of the seven study species are given in Table 1.

One F. fennica population included in this study (samples: FF_178 —FF_181) was one
of the three Finnish populations used in the original species description (Seifert, 2000) and
sampled by the same researcher (J. Sorvari) 12 years after the original sampling. Between
these two sampling times the continuity of the population had been monitored yearly by

J. Sorvari.

Molecular methods and data analysis

DNA of two individuals per nest was extracted using Chelex®© (Biorad, Hercules, CA, USA)
extraction protocol or NucleoSpin® Tissue Kit by Macherey-Nagel. Same individuals
were used for both microsatellite genotyping and DNA barcoding. As NFI samples
were not originally collected for a genetic study, their storage conditions had not been
optimal, resulting often in poor quality DNA, and several samples could not be sequenced
successfully. Most of the poor quality samples were F. fennica samples, likely because
they had previously been most intensively handled for the morphological identification.
However, shorter microsatellite fragments could be amplified for almost all of these samples
too. The F. fennica samples from the population originally used for species description are
of good quality and were sequenced without problems. Detailed protocols for both DNA
microsatellite methods and mtDNA sequencing together with a table of primer information
are given in Table S2.

DNA microsatellite genotyping

Two individuals from each nest were genotyped to assess nuclear genetic variation within
and between species, and to confirm the morphology-based species delimitations and
identifications. Thirteen DNA microsatellite markers (Chapuisat, 1996; Gyllenstrand,
Gertsch & Pamilo, 2002; Trontti, Tay & Sundstrom, 2003; Hasegawa & Imai, 2004) were
used in four multiplexes with the Type-it Microsatellite PCR Kit (QIAGEN, Valencia, CA,
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USA) according to the manufacturer’s instructions. PCR products were analyzed with
a 3730 ABI 3730 DNA analyzer (Applied Biosystems, Foster City, CA, USA) and alleles
were scored using GeneMapper 5.0. (Applied Biosystems). DNA microsatellite data were
analyzed with Genalex 6.502 (Peakall & Smouse, 2006; Peakall & Smouse, 2012), and R
packages Hierfstat (Goudet, 2005) and Adegenet (Jormbart, 2008). Six samples with more
than 50% missing microsatellite data were omitted from further analyses.

Genetic variation at DNA microsatellite loci was described for all species with more
than two sampling localities. For these species, pairwise Fst values from the allelic distance
matrix, and Nei’s standard genetic distances D (Nei, 1972) were calculated to assess
genetic differentiation between species. When the genetic differentiation between F. exsecta
and F. fennica was found to be minor, the correlation of linear genetic distances and
log-transformed geographical distances within F. exsecta/fennica subset was investigated
with a maximum-likelihood population-effects (MLPE) model with Residual maximum
likelihood (REML) estimation (Clarke, Rothery ¢ Raybould, 2002; Van Strien, Keller &
Holderegger, 2012) with the R package lme4’ (Bates et al., 2015).

Separation of the species based on nuclear genetic variation was analyzed at the individual
level with mixture analysis using model-based Bayesian clustering with software Baps 6.0
(Corander, Waldmann & Sillanpdd, 2003; Corander, Marttinen & Mintyniemi, 2006). Only
one individual per nest was used to eliminate the possible effect of nest structure in the
analysis, as previously done by Seppii et al. (2011). The software was allowed to find the
most probable number of clusters with repeated runs using different upper limits for the
cluster number (first 5 times K7—K20, and thereafter 20 times K11—K16). The hypothesis
was that each morphologically identified species would form separate clusters. After the
initial analysis revealed that several F. exsecta and F. fennica samples cluster together, the
same procedure was repeated using only F. exsecta and F. fennica samples, to assess if there
is finer scale clustering within this group (first 5 times K2—K25, and thereafter 20 times
K18—K24).

Similar analyses were run also with software Structure (Pritchard, Stephens & Donnelly,
2000). However, the mathematical model used by Structure does not deal well with
unbalanced sampling and low sample sizes (Kalinowski, 2011; Puechmaille, 2016), which
is apparent in our data. Thus, although the overall results for the focal species are similar
with both Baps and Structure, Baps was deemed to be more suitable with our sampling
patterns. Therefore only the Baps results are discussed further.

Discriminant analysis of principal components, DAPC (Jombart et al., 2010) was done
for the whole microsatellite dataset to assess if morphologically different samples would
also form discontinuous clusters based on nuclear genetic variation. Cross-validation for
the optimal number of principal components (PCs) was carried out as instructed by the
developers, and based on the highest mean predictive success and lowest root mean squared
error, 24 principal components (of the total 126) were included in the final DAPC. Missing
data were substituted with the mean allele frequencies. The analysis was repeated with
only F. exsecta and F. fennica samples in order to check how well the optimal model for
this subset of data is able to separate the two species. Based on cross validation, 63 PCs
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(of the total 123) should be included for the analysis to achieve the highest accuracy and

lowest error.

DNA barcoding

Part of the gene Cytochrome c oxidase subunit I (COI) was amplified for 85 samples
from different nests to assess mitochondrial variation among the subgenus. All F. fennica
samples that could be sequenced successfully were included in the analysis (24 samples),
together with a geographically representative subset of samples from other species (leaving
out samples collected from the same or nearby locations): F. exsecta (29), F. pressilabris
(18), F. forsslundi (10), F. suecica (2), F. manchu (1), F. pisarskii (1) (details given in
S1). PCR primers designed by Seppii et al. (2011) were used with the Phusion PCR kit
(Finnzymes) according to manufacturer’s instructions. Amplification products were
purified and sequenced in the Institute of Biotechnology of the University of Helsinki
using the aforementioned primers.

The obtained 525 base-pair sequences were assembled and aligned with Geneious 8.1.7
(Biomatters) with Muscle alignment (Edgar, 2004). Sequence divergences as numbers
and percentages of differing nucleotides were calculated for all pairs of haplotypes.
Maximum likelihood analyses of the aligned barcode regions were performed using the
program RAXML v8 (Stamatakis, 2014). The analyses were run in CIPRES (Miller, Pfeiffer ¢»
Schwartz, 2010) with the GTR model, and partitioned by codon position. Bootstrap support
values were evaluated with 1,000 bootstrap replicates of the data and plotted onto the best
scoring tree with Figtree (2018). Of the 85 Coptoformica sequences, 13 representing all the
different haplotypes were included in the ingroup. An additional sequence of F. exsecta
collected in Finland was obtained from GenBank (AB103364.1). The analyses included
three species as outgroup: Formica (Serviformica) lemani Bondroit, 1917, Formica (Formica
s. str.) truncorum Fabricius, 1804, and Formica (Formica s. str.) pratensis Retzius, 1783. The
molecular data for these taxa were obtained from GenBank (AB019425.1, AB010929.1 and
AB103363.1, respectively).

Six of the 24 F. fennica samples (290, 294, 296, 304, 310, 312) in the ingroup representing
three different haplotypes were excluded from the final analysis because they placed
with species in other subgenenera in the phylogeny. The risk of this result being due to
contamination or an error in the sequencing of poor quality DNA, or due to nuclear copies
of mitochondrial DNA, was considered too high. However, these samples did not stand
out from other samples in the microsatellite dataset, and were therefore not excluded from
microsatellite analyses, although two did have too much missing data and were excluded
for this reason. The full phylogeny and haplotype distance table with all 85 sequences is
presented in S4. The phylogeny of the 14 ingroup taxa representing the haplotypes of the
remaining 79 sequences and the additional F. exsecta obtained from GenBank is hereafter
presented and discussed.
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Table 2 Genetic differentiation between species. Below diagonal: pairwise FST values (p < 0.001 for
all). Above diagonal: pairwise Nei’s genetic distance (D).

Fe Ff Ffo Fp

Fe 0.110 0.872 0.799
Ff 0.025 0.788 0.748
Ffo 0.204 0.182 0.719
Fp 0.161 0.146 0.190

Notes.

Fe, F. exsecta; Ff, F. fennica; Ffo, F. forsslundi; Fp, F. pressilabris.
RESULTS

The variation in the microsatellite markers is described in Table S3 . The amount of missing
data is 2.16% for the whole microsatellite dataset of two individuals per nest, and 1.26%
for the dataset of a single individual per nest.

The pairwise Fsr values (Table 2) between different species are generally much higher
(0.15-0.20), than the values between F. exsecta and F. fennica (0.03). All Fsy values are
significant (p < 0.001). Nei’s D (Table 2) show the same pattern with higher values
between other species pairs (0.72—0.87) and lower values between F. exsecta and F. fennica
(0.11). Among F. exsecta/fennica samples, the pairwise genetic distances are explained by
geographical distance (MLPE: 8 =0.34, SE =0.02, P < 0.0001).

In Bayesian clustering (Fig. 2A), the optimal number of genetic clusters for the whole
dataset of one individual per nest was K = 14 (Posterior probability= 0.45), but other cluster
numbers also gain large support (K =13, P =0.37; K =12, P =0.12; K =15, P =0.06).
In the most optimal partition, F. exsecta and F. fennica share one major cluster, with
additional smaller clusters, and the number of these additional F. exsecta /fennica clusters
is the only difference between the other most optimal cluster numbers. Morphologically
defined species represent all other clusters, and each species has only one cluster except F.
manchu with its two samples clustering separately. When Bayesian clustering is repeated
using only F. exsecta and F. fennica samples (Fig. 2B), the structure is broken down into
several clusters of only few individuals, the most probable number of clusters being K = 22
(P=0.38), K=21 (P =0.29), K =20 (0.17) and K =23 (0.14). In the most optimal
partition, there are seven clusters shared between F. exsecta and F. fennica samples.

In DAPC of the whole microsatellite dataset (Fig. 3), F. exsecta and F. fennica cluster
together. Other morphologically defined species form more distinct clusters, clearly
separated from other species, with the exception of the two individuals of F. pisarskii and
four individuals of F. manchu grouping loosely together. The model’s ability to reassign
individuals to their morphologically defined species is 100% for the other groups, but
only 86.3% for F. exsecta and 86.4% for F. fennica, and in the cases when the assignment
does not succeed according to morphology, F. fennica samples are always assigned to be
F. exsecta, and vice versa. The consistency of DAPC classification with the morphological
species identifications of F. exsecta and F. fennica samples is visualized in Fig. 4. When the
model is fit for the subset of F. exsecta and F. fennica only, it is unable to reliably assign
the samples to two groups with reasonably small number of PCs. The best possible fit
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Figure 2 Bayesian clustering of seven Coptoformica species obtained with the software Baps. Abbrevi-
ations: Fe, F. exsecta; Ff, F. fennica; Ffo, F. forsslundi; Fp. F. pressilabris; Fs, F. suecica; Fm, F. manchu; Fpi,
F. pisarskii. (A) Clustering for the whole dataset (the optimal K = 14). (B) Clustering for F. exsecta and
F. fennica samples (the optimal K =22).
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is achieved with 63 PCs, over half of the total number of PCs, which makes the model
overfitted. This means that the explanatory power of the model with additional samples
would be very poor, as it already uses individual level characteristics instead of group level
characteristics to separate the two groups. The overfitted model can assign all samples of
F. exsecta correctly, but only 97% of F. fennica samples.

In mitochondrial DNA barcoding, most studied species have species-specific haplotypes.
Formica pressilabris has two haplotypes (diverging from each other by 6 nucleotides/1.14%),
and F. suecica and F. forsslundi both only one. Also the single samples of F. manchu and F.
pisarskii have unique haplotypes. Formica exsecta and F. fennica share the most common
haplotype, which is also the only haplotype for F. exsecta. The F. exsecta haplotype from
GenBank (AB103364.1) is different from the one obtained in this study. Apart from the
shared F. exsecta/fennica haplotype, there are three additional haplotypes in F. fennica
samples. The divergence among different F. fennica haplotypes varies between 1-18
nucleotides (0.19%—3.43%). The haplotype divergences between different species vary
between 1-21 nucleotides (0.19%-4.00%). Table 3 shows all haplotype divergences
measured in this study. The best scoring phylogenetic tree is presented in Fig. 5. The
included Coptoformica samples form a clade. Two lineages composed of F. fennica and F.
exsecta samples are recovered basal to the other Coptoformica species. Formica fennica and
F. exsecta samples do not form monophyletic groups. In this taxon sampling F. manchu

and F. fennica are not sister groups.
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Figure 3 Discriminant analysis of principal components (DAPC) of the microsatellite data of seven

Coptoformica species with 24 principal components included.
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Figure 4 Assignment plot from discriminant analysis of principal components (DAPC). Blue cross
marks the prior morphological species identity. Individuals are reassigned to these groups based on the
DAPC model with 24 principal components. The color gradient represents membership probabilities (Red
=1 White = 0). Individuals that are assigned into the wrong group with >10% probability are named.
Overall, the assignment of individuals to their morphological groups succeeds with the accuracy of 86.3%
for F. exsecta and 86.4% for F. fennica.
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Table 3 Divergences between the COI barcode haplotypes found in this study, and one reference haplotype from Genbank (5). Below diagonal:
number of differing nucleotides. Above diagonal: percentages of differing nucleotides.

Haplotypes n 1 2 3 4 5 6 7 8 9 10 11

1 F_fennica _306 1 3.09 3.24 0.19 4.00 3.24 3.81 3.62 3.43 3.43 3.62
2 F_fennica _314 1 16 0.19 3.24 1.14 3.24 3.43 3.62 3.43 3.62 3.24
3 F_fennica _288 1 17 1 3.43 0.95 3.43 3.62 3.81 3.62 3.62 3.24
4 F_exsecta/fennica _234 44 1 17 18 3.81 3.43 4.00 3.81 3.62 3.62 3.81
5 F_exsecta _AB103364.1 - 21 6 5 20 4.00 3.81 4.00 3.81 3.81 3.81
6 F_suecica _400 2 17 17 18 18 21 2.48 2.29 3.24 3.24 3.62
7 F_pisarskii _25 1 20 18 19 21 20 13 0.19 2.48 2.48 2.86
8 F_manchu _27 1 19 19 20 20 21 12 1 2.29 2.29 2.67
9 F_pressilabris _264 17 18 18 19 19 20 17 13 12 1.14 1.14
10 F_pressilabris _390 1 18 19 19 19 20 17 13 12 6 0.38
11 F_forsslundi _342 10 19 17 17 20 20 19 15 14 6 2

F_lemani_AB019425.1

98 ’7 F_truncorum_AB010929.1
] L F_pratensis_AB103363.1

61 F_fennica_306 (n=1)
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Figure 5 Maximum likelihood tree of COI barcodes of seven Coptoformica species and three addi-
tional Formica species. The additional samples obtained from GenBank. Bootstrap values shown next to
the nodes. Note that some of the branches do not have sufficient bootstrap support and the tree should
not be used to interpret the phylogeny.
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Hakala et al. (2018), PeerJ, DOI 10.7717/peerj.6013 13/23

73



CHAPTER 11

PeerJ

The geographical distribution of all individuals diverging from the main group of
F. exsecta/fennica in either the nuclear or the mitochondrial dataset was mapped, but no
clear patterns appear: the genetic differences are distributed throughout the sampling area
(Fig. 6).

DISCUSSION

The morphological identifications for most of the Coptoformica species match the genetic
patterns revealed in this study. Our results support the species identities of these species.
In contrast, the morphological identifications of F. exsecta and F. fennica do not match
the genetic patterns in any of the analyses. Both mitochondrial sequences and nuclear
microsatellite genotypes reveal mixed patterns, with most of the samples of these two
species clustering together regardless of morphology. One of the F. fennica populations
sampled for this study was used in the original description of the species (Seifert, 2000). Also
the samples from this population cluster together with F. exsecta samples in all analyses with
both mitochondrial and nuclear markers. Thus, the hypothesis that the morphologically
identified species F. fennica is also genetically differentiated, is not supported.

Genetic differentiation among individuals of F. exsecta/fennica group is distributed
throughout the geographic range with no obviously distinct populations or areas. There
is minor differentiation between F. fennica and F. exsecta samples overall, seen in the
low but significant pairwise Fst value calculated from microsatellite data. However, the
significant effect of spatial distance, combined with the uneven sampling pattern, with
more samples identified as F. fennica collected in northern areas of Finland and more
samples identified as F. exsecta from southern areas, suggest this differentiation reflects
isolation by distance rather than a species difference. Furthermore, the Fsr and Nei’s D
values between samples of F. exsecta and F. fennica are overall drastically lower than the
same values calculated between other pairs of species. This indicates an ongoing gene flow
between morphologically identified F. exsecta and F. fennica. This is contrasted clearly
with the other Coptoformica species that are more distinct genetic entities based on the
Fgr values.

Reflecting the Fsr values, Bayesian clustering of the microsatellite data reveals clear
structuring at the species level in Coptoformica, except within the F. exsecta/fennica group.
Since the genetic differentiation between F. exsecta and F. fennica is minor, Baps analysis
does not find stable partitions for this part of the data. The analysis does reveal some
structuring, separating few individuals from both of these species into separate clusters.
But since these individuals do not separate from the main group with other analysis
methods, and the clusters correspond to geographical locations even when the geographic
information was not used as informative prior, the structuring is most likely due to minor
differentiation between local populations, and does not reflect species-level differences.
The weakness of the structuring is shown in the low probability scores for the most optimal
partitions, and in the way the structuring almost completely breaks down to the location
level, when F. exsecta/fennica data are analyzed without the other species. It is also notable
that in the analysis with only F. exsecta and F. fennica, several of the small clusters are shared
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Figure 6 Geographical distribution of diverging F. exsecta and F. fennica samples. Individuals/pop-
ulations that diverge from the main combined clusters of F. exsecta/fennica in nuclear or mitochondrial
markers are shown. Nuclear clusters were determined with Baps from DNA microsatellite data and mito-
chondrial clusters as haplotypes of the partial COI barcode.
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between the two species, further affirming the mismatch between morphological species
identification and molecular analysis. The other species cluster perfectly by morphological
identifications.

F. exsecta and F. fennica cluster together also in discriminant analysis of principal
components (DAPC) of the whole microsatellite dataset, and the model is unable to
separate these groups reliably, although it does show minor genetic differentiation between
some of the samples of F. exsecta and F. fennica. Since the analysis does cluster all of the
other species with 100% accuracy, this result shows signs of admixture and misclassified
individuals between F. exsecta and F. fennica. When F. exsecta and F. fennica samples are
analyzed alone, the model with the highest accuracy and lowest error has to use over half of
the total number of PCs, making it overfitted. Strikingly, even the overfitted model is unable
to assign all of the samples of F. fennica correctly, which clearly shows that the species is
not separated from F. exsecta but instead has individuals that are genetically extremely
close to F. exsecta. Based on these results, we conclude that even though there is some
differentiation between some of the samples of F. exsecta and F. fennica, the separation
between these two species is substantially smaller than the separation between other species
of the subgenus.

Also the mitochondrial data are clearly supporting the results of the nuclear data: most
of F. exsecta and F. fennica samples share the same mitochondrial haplotype, whereas the
other species have species-specific haplotypes. However, some F. fennica samples do diverge
from this main haplotype. The pairwise sequence divergences between different F. fennica
haplotypes vary from 0.19% to 3.43%. The average interspecific sequence divergence
in Coptoformica has previously been reported to be 3.61% (Goropashnaya et al., 2012),
although this number is based on longer sequences, a different mitochondrial gene and
a larger geographic range that we used. Usually intraspecific diversity in COI barcodes is
quite low, and sequence divergences of 2% or 3% have been suggested as suitable cut-off
values for separating different species (Hebert et al., 2003; Smith, Fisher ¢ Hebert, 2005).
In a barcoding study of 51 ant species in Mauritius, a threshold of 2% sequence divergence
was suitable (Smith & Fisher, 2009). However, Jansen, Savolainen ¢ Vepsildinen (2009)
report intraspecific divergences up to 5.54% in Palearctic Myrmica species when sampling
covers large geographic areas, and interspecific values as low as 0-0.96%. The latter is in
line with the low values reported in this study between F. pisarskii and F. manchu (0.19%)
and F. pressilabris and F. forsslundi (0.38%). Our data show that no arbitrary cut-off value
should be trusted. Given the above, the mitochondrial sequence divergence in F. fennica
samples in this study is within the bounds of intraspecific sequence divergence, but it
is still on the high end of the scale, suggesting this group has genetic diversity worth
additional studies.

Strikingly, when differences from the main haplotype occur in mitochondrial sequences
of some F. fennica individuals, similar differentiation is not present in the nuclear DNA of
these same individuals. Even though there is large variation in the F. exsecta/fennica group
in both mitochondrial and nuclear datasets, no distinct sub-groups appear. Overall, the
observed variation in F. exsecta/fennica group shows different patterns in mitochondrial
and nuclear datasets, so that individuals divergent in one marker type belong to the major
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cluster in the other, with no geographical patterns to be seen (Fig. 6). Based on this result,
all F. exsecta/fennica samples included in this study can be considered to be part of the same
gene pool.

Mitochondrial DNA can differ from nuclear DNA due to various reasons, most
notably incomplete lineage sorting, unrecognized paralogy, and hybridization resulting in
introgression (Funk ¢ Omland, 2003; Toews ¢ Brelsford, 2012; Wallis et al., 2017). Similar
types of patterns of mito-nuclear discordance are shown in hybrids of Formica aquilonia
Yarrow, 1955 and Formica polyctena Forster, 1850 (Beresford et al., 2017). According to
Funk & Omland (2003 ), if hybridization happened long ago, the persisting introgressed
alleles are more likely to be phylogenetically basal and less likely to be geographically
associated with the parental lineages. A historical hybridization of F. exsecta and a species
not found in present-day Finland is a possible explanation for the observed non-monophyly
and mito-nuclear discordance of F. fennica samples. In order to thoroughly investigate the
observed nuclear and mitochondrial genetic variation in F. exsecta/fennica group, more
extensive sampling at the population level would be needed.

The phylogenetic analysis presented in this study is based solely on partial COI
data and a limited taxon sampling, which explains the low bootstrap support and the
differences compared to the previously published partial phylogeny of Coptoformica
species (Goropashnaya et al., 2012). Since the earlier phylogeny is based on substantially
longer sequences and a better geographical coverage than used here, it should be considered
more trustworthy. The main structure of the previous phylogeny with F. exsecta branching
basally to the other Coptoformica species, is well supported also in the phylogeny presented
here. The hypothesis that F. fennica samples form a distinct branch as a sister group
with F. manchu was not supported. Although the sampling of this study is geographically
restricted, and the data should not be used for full species delimitation nor for interpreting
the exact phylogenetic relationships among these species, the result of F. fennica and F.
exsecta grouping mostly together and branching basally to the other Coptoformica species
is clear, and supports the results of nuclear data.

Our results show that the studied Finnish F. fennica populations should not be considered
as a separate genetic entity from F. exsecta. None of the F. fennica populations were
genetically differentiated from F. exsecta strongly enough to be considered a different
species, including one of the populations used in the original description of F. fennica
(Seifert, 2000). According to an earlier study, some of the samples that matched the species
description of F. fennica actually belonged to the rubens morph of F. exsecta (Ddegaard,
2013). Based on this study, all Finnish F. fennica populations may also belong to the rubens
(or some other) morph of F. exsecta. Since the sampling in this study does not cover the
whole distribution area of F. fennica, the samples from other areas (i.e., Caucasus Seifert,
20005 Schultz & Seifert, 2007) and Norway (Suvdk, 2013) should be re-analyzed in the light
of these results for more accurate species delimitation.

Should some of the F. exsecta morphs represent different stages of a speciation
continuum, it would be advisable to use an integrative approach combining both modern
morphological and genetic methods, and possibly also other methods such as biochemical
analyses (e.g.. cuticular hydrocarbons) and ethological and ecological analyses (Dayrat,
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2005; Seifert, 2009; Schlick-Steiner et al., 2010). This would result in a fuller understanding
of the observed diversity in F. exsecta and a more reliable species delimitation. Especially
for conservation planning, it would be important to consider if some of the morphs of F.
exsecta form evolutionarily significant units. Based on the data presented in this study, it
is not possible to separate clear genetically distinct lineages, which has been an important
criterion in many definitions of evolutionarily significant units (Fraser ¢ Bernatchez, 2001).
It is still worthwhile to consider whether the high morphological and genetic variation
found in F. exsecta would be worth conserving. This study highlights the importance of
taxonomic studies as reference for ecologists and conservation biologists.

CONCLUSIONS

Both nuclear and mitochondrial markers fail to separate the species pair F. exsecta and F.
fennica despite established, although not clear cut, morphological differences. The genetic
variation within the F. exsecta/fennica group is extensive, but does not reflect the proposed
morphological differences. It is impossible to divide these samples into two separate species
based on our molecular data. The geographically restricted sampling of this study does not
allow full species delimitation, but the result concerning the status of F. fennica is clear.
Finnish F. fennica populations studied so far should not be considered a separate species,
but merely a morph of F. exsecta.
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TIIVISTELMA

Levittaytymisen evoluutio  ja sosiaalisuuden
evoluutio ovat yhteydessa toisiinsa. Levittiytyminen
on tarpeellista sukulaisten vilisen kilpailun = ja
sisasiitoksen vélttimiseksi, mutta toisaalta levittayty-

mahdollistaa

sosiaalisen

misen  rajoittaminen sukulaisten

vélisen  hyédyllisen vuorovaikutuksen.
Muurahaisten monimutkaiset yhteiskunnat, joissa
suuri osa tytirkuningattarista jad kotipesidn, ovat
yhteydessd heikkoon levittiytymiseen, mutta syy-
seuraussuhteet eivat ole kunnolla tiedossa. Tassa
tutkimuksessa tarkastelimme kuuden lihisukuisen
Formica-lajin levittaytymiskykya. Lajien yhteiskuntien
kuningatarmdirdt ~ ja  tyypilliset  yhteiskunnan
perustamistavat vaihtelevat, ja lajit ovat kolmesta
eri alasuvusta. Tutkimalla ndiden lajien nuorten
tytirkuningatarten ja koiraiden ruumiiseen varastoituja
resursseja pystyimme analysoimaan levittaytymiskyvyn
ja sosiaalisen rakenteen evoluutiota. Mittasimme
kaikenkaikkiaan 1954:n yksilén ruumiin mittasuhteita,
kuten lentolihasten suhteellisen koon; glykogeenin,
triglyseridin  ja proteiinin mairit kolorimetrisilld
menetelmilld; sekd lentolihasten mikroskooppisen
rakenteen transmissioelektronimikroskopialla.

Tulostemme mukaan yksildiden kunto ei ennusta
sitd, millainen levittdytymisstrategia lajilla on. Tama
on jossain mairin vastoin aiemman hydnteisilla
tehdyn  tutkimuksen

odotuksia. Sosiaalisella rakenteella on kuitenkin pieni

ja  muurahaisilla mukaisia
yhteys koiraiden lentolihasten suhteelliseen kokoon.
Tamd on mielenkiintoinen esimerkki sukupuolten
yhteisevoluutiosta: ~ todenndkdisesti ~ kuningatarten
kotiin jadminen heijastuu vastaavana kaytoksend
koirailla, ja lopulta my6s niiden rakenteessa. Kaiken
kaikkiaan koiraiden levittaytymiskyky on parempi kuin
kuningatarten, mikd tukee hypoteesia muurahaisten

levittdytymisen sukupuolittuneisuudesta.

Superkoloniaalisten Formica-kuningatarten lisidntynyt
kotiin jddminen nayttdd olevan kayttaytymispiirre eikd
seuraus muuttuneesta levittdytymisresurssien jaosta.
Kuningattaret voivat jittdd levittiytymisen viliin,
vaikka yhteiskunta antaa niille sithen resurssit. Tama
herattad uusia kysymyksid levittaytymiseen liittyvista

ristiriidoista monikuningattarisilla Formica-lajeilla.
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ABSTRACT:

Dispersal evolution and social evolution are interlinked. Dispersal is necessary for avoiding kin
competition and inbreeding, but limited dispersal also allows beneficial social interactions with kin. In
ants, a correlation between poor dispersal and complex societies, where a big proportion of queens are
philopatric, is well documented, but the underlying causal mechanisms are not clear. In this study we
investigate the dispersal ability of six closely related Formica species that vary in colony queen numbers
and typical nest founding modes, from three different subgenera. Investigating resource allocation in
the bodies of young queens and males allows us to analyze the evolution of dispersal ability and social
organization. We measured the body ratios including wing muscle ratio; glycogen, triglyceride and
protein resources with colorimetric assays; and microscopic wing muscle structures with transmission

electron microscopy, with an overall sample size of 1594 individual males and queens.

Our results suggest that the physical condition of individuals does not strongly correlate with the
dispersal patterns of the species, somewhat contrary to assumptions based on earlier studies in both
ants and other insects. There was still a minor effect of social organization on male flight muscle
ratio, which is an interesting case of sexual coevolution of dispersal traits: it is likely that the queen
philopatric behavior is reflected in male behavior and also in male morphology. Overall, according to
our morphological proxies, males had better dispersal ability than queens, supporting the hypothesis
that ant dispersal is sex biased regardless of social organization. In supercolonial Formica queens,
increased philopatry seems to be more a behavioral trait rather than a consequence of resource
allocation into dispersal ability. The queens may choose not to disperse even when the society provides
them with the resources for it. This raises new questions about conflicts over dispersal in the highly

polygynous Formica species.

INTRODUCTION

In natural populations, local resource competition and
potential habitat destruction require that organisms
move to new locations in order to survive on
evolutionary time scales (Van Valen 1971). Resource
competition is especially harmful with relatives, as it
decreases inclusive fitness, which reinforces selection
for dispersal — even in social animals that simultaneously

also benefit from interactions with their relatives

(Hamilton and May 1977, West et al. 2002). Dispersal
also allows individuals to avoid breeding with their kin,
which could lead to inbreeding depression (Bengtsson
1978). Due to these reasons, all organisms have evolved
strategies to disperse away from their original habitats
and away from their kin. Even sessile organisms, such
as plants and many marine invertebrates, have mobile

stages at some points of their life cycles.
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Social insect colonies can be seen as superorganisms
that are bound to their sedentary nesting sites and
often only disperse through their mobile sexual castes,
the young males and queens (Holldobler and Wilson
2008, Helantera 2016). For most social insects,
dispersal by wing is an inseparable element of their
reproductive strategy (Boomsma et al. 2005), and
dispersal shapes the evolution of the sexual castes.
For example in most ant species, the young queens
and males leave their natal colonies for mating flights,
after which the males die and the queens found new
colonies (Holldobler and Wilson 1990, Bourke and
Franks 1995). Although the queens spend most of their
adult lives within their colonies, the strong selection
pressures during dispersal are a major driver of their
evolution (Helms 2018). Flight-related trade-offs and
resource allocation affect the evolution of the queens
(Helms and Kaspari 2015), and thus the evolution
of the colonies they found. The adult males, who are
not directly involved in the colony social life, have an
indirect effect through mating and dispersal strategies
that coevolve with the queen strategies (Heinze and
Tsuji 1995, Peeters and Aron 2017, Hakala et al. 2019)

In some ant species all young daughter queens
disperse and found new independent colonies,
whereas in others a proportion of them stays in
their natal colonies as extra queens resulting in
(secondarily) polygynous colonies. In such colonies
queens reproduce cooperatively and share resources,
including the worker force (Boomsma et al. 2014).
In many ant taxa, polygyny is frequently accompanied
with polydomous colony organization, where a society
(colony) occupies several interconnected nests instead
of a single one. Such a strategy allows more effective
resource acquisition and often also a yet higher number
of queens and thus an even larger colony size (Debout
etal. 2007). In some taxa, polygynous and polydomous
societies may develop into extremely large colonies
with thousands — or even more — of egg-laying queens,
when they are referred to as supercolonies (Helantera
et al. 2009). This kind of continuum from simple
(monogynous with one queen and/or monodomous
with one nest) to more complex societies (polygynous
and polydomous) that can often be observed even
among closely related species (Holldobler and Wilson
1977), offers an informative study system for inferring
the connection of social organization and dispersal,

and their evolution.
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The correlation between limited dispersal and complex
societies in ants is well documented with gene flow
analyses in several taxa (e.g. Seppé and Pamilo 1995;
Sundstrém et al. 2005). Ant community analyses
also support this: species with polydomous social
organization seem to be poorer at reaching isolated
areas (e.g. Mabelis 1994; Sorvari 2017). However,
the exact evolutionary reasons and causal mechanisms
for this correlation have not been assessed in detail.
It is obvious that dispersal behavior differs between
species with monodomous and highly polydomous
social organization — philopatric queens are an inbuilt
characteristic of the polydomous and supercolonial ant
societies. One of the main unanswered questions is,
whether the observed difference in dispersal is due to
difference in the dispersal ability and morphology or

whether it is an active behavioral choice.

The dispersal ability of insects is a sum of several
physiological and morphological traits. As dispersal
happens by wing, size of the flight muscles is one of the
most important factors —in ants more precisely the size
of the indirect flight muscles they use for contracting
the thorax and thus moving the wings (Dudley 1999).
In several insects, the thorax mass / body mass ratio
(hereafter thorax ratio) has been identified as a key
predictor for flight ability and dispersal (e.g. Srygley
and Chai 1990; Thomas et al. 1998; Berwaerts et al.
2002; Steyn et al. 2016), including ants (Helms and
Kaspari 2014, Helms and Godfrey 2016). The thorax is
assumed to be mostly filled with flight muscles in most
insects. However, ant females also have strong neck
muscles inside their thoraxes, and they take different
amounts of space inside the thorax in different species
(Keller et al. 2014). Additionally, ant queens can
histolyse their flight muscles (Janet 1907, Jones 1979,
Holldobler and Wilson 1990), which means that
their presence in the thorax cannot be guaranteed
without direct observation. Thus, the thorax ratio
cannot be assumed to represent the flight ability in
a straightforward way across different ant species.
Measuring the muscle size directly by using the wing
muscle mass/ body mass ratio (hereafter muscle ratio)
is a better option. This measure correlates well with
flight performance across a wide range of animal phyla
(Marden 1987; 1989).

In addition to muscle size, also the structure of the
muscles affects flight performance (Marden 2000). The
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myofibril and mitochondria densities correlate with
flight performance (Sohal et al. 1972, Fernandes et al.
1991, Rauhamiki et al. 2014). The mitochondrial inner
membranes host the cytochrome ¢ oxidase enzyme
that catalyzes the reduction of oxygen to water in
cellular respiration, and affects directly the metabolic
rate and thus the flight performance of the individuals
(Niitepold et al. 2009, Rauhaméki et al. 2014). In ants,
detailed studies on the microscopic muscle structures
are rare, but a study in the socially polymorphic Formica
truncorum showed that queens from polydomous
colonies have slightly fewer mitochondria in their
muscles than queens from monodomous colonies -
suggesting poorer flight ability (Johnson et al. 2005).
Another aspect of muscle structures that is especially
important for ants, is the possibility of flight muscle
histolysis. It is usually thought to happen only in
queens during nest founding after the dispersal flight
(Holldobler and Wilson 1990), but this has not been
widely tested. In many other insects, flight muscles
can be histolyzed also before flight, and damage from
histolysis may render the muscles useless even if they
are still present (Fairbairn and Desranleau 1987).

In ants, as in many other insects, the main fuel for flight
is glucose stored in the flight muscles and fat body
as glycogen (Peakin 1964, Toom et al. 1976, Passera
et al. 1990, Wegener 1996). Strong muscles may be
enough to lift the ant in the air, but only sufficient
glycogen reserves ensure a proper onset of flight. In
many insects, also fatty acids are used as a biochemical
fuel for prolonged flight (Chino and Downer 1982,
Wegener 1996), but in ants they seem to be only used
by queens as an energy source during the nest founding
period (Keller and Passera 1989, Wheeler and Buck
1996). Males have been reported to have negligible
amounts of stored fat (Boomsma and Isaaks 1985).
Along with fatty acids, queens also store proteins to be
used as energy source during nest founding, and these
storage proteins form a substantial proportion of their
total protein amount (Wheeler and Buck 1995, 1996,
Wheeler and Martinez 1995). Several studies show
that these biochemical traits correlate with flight and
nest founding strategies in ants, both within-species
and among-species: Queens participating in the mating
flights and founding their nests independently have
higher amounts of glycogen, fat and storage proteins,
compared to queens not participating in the mating
flights but instead founding their nests dependently

with workers from their natal nest (Keller and Passera
1989, Passera and Keller 1990, Sundstrom 1995,
Hahn et al. 2004). Similar results have been shown
for the male glycogen amounts, although there are
substantially less studies done on them (Passera and
Keller 1990, Sundstrom 1995).

Due to energetic and physical constraints, there
are trade-offs between the different dispersal traits.
Especially queens face a strong trade-off between
resources invested into flight ability and abdominal
resource loading for nest founding (the found or
fly hypothesis: Helms and Kaspari 2014, Helms and
Kaspari 2015). Queens that stay in their natal colonies
do not need resources for flight or nest founding, and
therefore they could allocate more of their resources
directly to reproduction. Ant males do not need
resources for colony founding, but may face a similar
trade-off with flight and other resources, especially
testes size and sperm amount, as shown with other
insect males (Saglam et al. 2008). Ant males rarely
produce sperm after sexual maturation, and need to
carry their whole supply of sperm during dispersal
(Holldobler and Bartz 1985, Boomsma et al. 2005,
Baer and Boomsma 2006), which makes the amount
of sperm a possible restriction for their flight ability.

Ant males are traditionally studied much less than
the two female castes, and our knowledge on ant
male dispersal is rather limited (Boomsma et al.
2005, Shik et al. 2013, Hakala et al. 2019). This is
unfortunate, as ant dispersal is mating dispersal and
thus strongly coevolves with mating strategies and
mate localization. To fully understand ant dispersal
evolution, it is crucial to study the strategies of both
sexes, i.e. the full dispersal strategies of the species. It
seems likely that ant dispersal is generally male biased
due to higher evolutionary restrictions and trade-
offs affecting the queens, but a study bias towards
species  with more complex social organization
prevents concluding whether this is a general rule
(Hakala et al. 2019). In Formica ants, for instance,
dispersal seems to be especially strongly male biased
in polygynous and polydomous species (Sundstrém et
al. 2005), but a recent study shows that this pattern
does not necessarily hold in a monodomous and only
facultatively polygynous species, E fusca (Johansson
et al. 2018). Studying a wide range of species with

varying social organizations is required in order to
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assess whether the male biased dispersal in ants is a
general rule.

In this study, we investigate the dispersal ability
of three species pairs of Formica ants, from three
different subgenera. The contrast of monodomous
social organization and high levels of polygyny and
polydomy in each of the three species pairs provides
an excellent model for studying the evolution of
dispersal ability and social organization. The queens
of all of these species have wings, but it is unclear
if the ability to fly and disperse is weakened in the
polydomous species, where the queens regularly do
not fly. Our main hypothesis is that philopatric queen
behavior is reflected in their morphology, so that the
polydomous species that disperse less have clearly
smaller allocation to dispersal traits. Additionally, we
expect male dispersal traits to be stronger overall than
the queen traits. However, the hypotheses for male
dispersal traits in connection to social organization are
difficult to formulate due to lack of studies on ant male
dispersal. It is unclear, whether and how the change in
social organization affects mating competition or the
costs of inbreeding for the haploid males and diploid

queens, and how this in turn affects the coevolving
dispersal strategies of the two sexes. We present two
opposing hypotheses: 1. The selection pressures for
both sexes are similar, and thus also male traits are
weaker in polydomous than in monodomous species.
2. When female dispersal strategy shifts towards
philopatry in polydomous societies, selection for male
dispersal gets stronger, which leads to polydomous
males evolving stronger dispersal traits.

MATERIALS AND METHODS

Species and populations:

We sampled six Formica species from three different
subgenera: E pratensis and E aquilonia from the E rufa
group (red wood ants), E exsecta and E pressilabris from
Coptoformica, and E fusca and E cinerea from Serviformica,
forming three species pairs, each with a species with
simple monodomous societies and a species with
complex, highly polygynous and polydomous societies
(Table 1). In Formica ants, polydomous colonies can
generally grow very big, into supercolonies consisting
of even thousands of nests (Markd et al. 2012).
The two Coptoformica species have both types of

Table 1:The sampled Formica species and the social organization of the populations studied.

Social
Taxonomic Coordinates organization**
group Species Population X y mg pg pd s References
F. fusca Prastkullantie 59.98011 23.3492 X x Hannonen et al. 2002;
Hankoniementie 59.91213 23.25797 X X Bargum et al. 2007;
Serviformica Joskir 59.8453  23.25593 X ox Ozan ctal. 2013
Raudden- ~ Goropashnaya, et al.
F. ci 9. . /
F. cinerea Stenudden 59.82635 23.02146 X 2001
F. pratensis Koverhar 59.89058 23.19769 X Helanteri et al. 2016
F.
AU p cuilonia Myggfors 59.98952  23.22813 x
’ Schultner et al. 2016
Langstrand 59.94771 23.17163 X
F. pressilabris  Prastkullantic 59.98011 23.3492 X X Kennedy et al. 2014
Sarkkilen 59.95325 23.7011 X Schultner et al. 2014)
Coptoformica  F. exsecta Prastkullantie 59.98011 23.3492 x /x Kennedy et al. 2014
Joskar 59.8453 23.25593 X Sundstrém et al. 2003
Tvarminne 59.84441 23.24846 x /x SH pers obs
Ol)y 59.93966 23.19824 X Hakala etal. 2018

** The social organization: mg = monogyny (one queen in a colony, monodomous = a single nest in a colony), pg = polygyny

(several queens in a colony, monodomous), pd = polydomy (several nests in a colony), s = supercoloniality (huge polygynous and

polydomous colonies). The social organization of these populations is analyzed in the referenced previous studies.
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societies in our study area, and we sampled both for
intraspecific analyses. For the main analyses including
all of the species, only the typical monodomous
populations of E exsecta were included, leaving out
the supercolony atypical for the area. Similarly, only
the well-established large polydomous population of
E pressilabris is included in the among species analysis,
leaving out the monodomous population inhabiting a
clear-cut forest area and consisting of small nests only.
All of the study populations are located in the vicinity
of Tvirminne Zoological Station in southern Finland.

Field sampling:

We monitored natural field colonies of the six Formica
species for maturation of sexual brood by gently
excavating the mounds. The E rufa group species were
sampled solely from the colonies in the field to ensure
uninterrupted development. We sampled young males
and virgin daughter queens when they emerged on top
of the nest. No individuals were sampled from within
the nest, as their age and maturity could not be assessed
without this behavioral signal. Serviformica species have
underground colonies that cannot be monitored for
exact timing of emergence of the sexuals without
serious disruption of the nest structures. Thus for
these species, nest material, workers and brood were
sampled from the field colonies when the brood was
in late pupal stage, and brought to the laboratory for
maturation. The sexual individuals were subsequently
sampled from the laboratory nests when they emerged
on top of the nest, as described above. Coptoformica
individuals were mostly sampled from the field
colonies, but the sample set was supplemented with
laboratory-grown individuals to ensure high enough
sample size. E pressilabris queens were never observed
on top of their nests in the field colonies, and therefore
they are all laboratory-grown. Sampling was mostly
done in 2016, but the data for E fusca and F cinerea was
supplemented in 2017 to ensure high enough sample
sizes. The spermathecae of c. 20 daughter queens of
cach of the study species were dissected to ensure that
they were unmated.

The laboratory nests were plastic boxes coated with
fluon to prevent ants climbing out, and covered with
a cloth to prevent males and queens flying out. The
nests were watered daily and maintained with Bhatkar
& Whitcomb diet (1970) in room temperature and
natural light cycle. The laboratory rearing took place

inTvdrminne Zoological Station (for 2016 samples) or
in the Viikki Plant Growth Facilities in Helsinki (for
2017 samples).

Specimen handling and flight muscle ratio:
After sampling, the individuals were kept on ice to
minimize water loss and usage of metabolic resources
during the transfer. Each individual’s wet mass was
measured in three parts separately: head, thorax
(with legs but without the wings), and abdomen.
After weighing, specimens were snap frozen in liquid
nitrogen and stored in -80 °C for muscle size and
metabolic analyzes. As the size of these species varies
considerably, thorax mass and abdomen mass ratios
were calculated and used for further analyses instead
of the absolute mass.

Flight muscle ratios were measured for a total of
650 specimens by dissection as described by Marden
(1987). Individual specimens were weighed alone,
except for the smallest E pressilabris and E exsecta males
that were pooled within the nests in order to improve
the repeatability of weighing. For these specimens, the

final muscle sizes are nest averages.

Transmission electron microscopy

For each species and both sexes, nine individuals
from three different nests were further prepared for
transmission electron microscopy analysis of the flight
muscles (total n=108). After weighing the individuals,
the thorax was dissected to allow the fixation buffer
to penetrate the muscle tissues. Legs and leg and neck
muscle tissues were removed, and the petiole was
cut off. The thorax was ventrally opened, but flight
muscle tissue was kept intact inside the thorax. The
specimen was submerged in fixation buffer containing
2% glutaraldehyde, 100mM Na-cacodylate buffer
pH 7.4, 150mM saccharose, first for 2h at room
temperature and subsequently for 22h at +4C. After
fixation, samples were stored 1-2 months in a solution
containing 2% formaldehyde, 100mM Na-cacodylate
buffer pH 7.4 and 150mM saccharose.

Further sample handling was done in the Electron
Microscopy Unit in the Institute of Biotechnology,
University of Helsinki. The samples were post-fixed
using 2% non-reduced OsO4 (EMS, Hatfield, PA)
in H2O for 2h at room temperature; dehydrated in
ethanol gradient (50%, 70%, 96%, 100%, 100%,
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15 min. each) and 99.5% acetone (Sigma) for 30
min; infiltrated into low-viscosity resin (TAAB, LV
Medium) using the following resin: acetone ratios: 1:1
(2h), 2:1 (2h), 1:0 (o/n), 1:0 (4h). The resin blocks
were cured in 60°C overnight. Mounting orientation
of the final sample blocks was adjusted for observing
cross sections of the myofibrils, verified by roundness
of cross-sections of myofilaments.

For morphometric analyses for each specimen,
systematic random sampling was used to obtain 10-
14 images from different cells at the magnification of
2500x (single image area = 69.2 pm’, n=1 240) with
Jeol JEM-1400 transmission electron microscope,
equipped with Gatan Orius SC 1000B bottom
mounted CCD-camera. The collected 16-bit TEM
images were stored in DM4 format, and processed
using the software Microscopy Image Browser (MIB)
(Belevich et al. 2016). The contrast was normalized
such that the mean intensity for each image was set
to 24000 and standard deviation of the intensity
histogram to 3000 counts. After that the images were
converted to the 8-bit format using intensity 12000
as a black point and 42000 as white point. To assess
differences in mitochondrial and myofibril size and
density, their profiles were manually traced using
MIB and an interactive pen display. The mitochondria
profiles were analyzed into two categories: 1) complete
profiles and 2) the profiles clipped at the edges of the
images. To assess the total mitochondria and myofibril
areas (um’) per image, we used Stereology tool of MIB
with the sampling grid size of 50 x 50 nm.

The analysis of individual cell organelles was done
using a custom made plugin of MIB. For each image
the following properties were extracted for each
complete myofibril profile (n=9 757): CentroidX,
CentroidY, TotalArea,
(calculated by using ultimate erosion to find the

minDiameterAverage

middle line of the organelle profile; measuring the
distance to the closest edge for each point of the
middle line; converting the collected values to the
diameter by multiplying them by 2 plus pixel size;
and finally averaging the measurements); and from
each complete mitochondrion profile (n=27 633):
CentroidX, CentroidY, TotalArea, ThresholdedArea,
RatioOfAreas, minDiameterAverage. For estimation
of degradation of mitochondria we used an empirical
threshold value of 140 and calculated the ratio of
thresholded vs. original area for each mitochondrion.
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To analyze the organization of myofibrils in our
images, distances among the centroids of the closest
complete myofibrils in our images were calculated
by Delaunay triangulation (‘delaunay’ function in
Matlab), excluding the distances on the outer border
(freeBoundary option). The bordering distances do
not represent true distances to the closest organelles
as the neighboring organelles were clipped with the
image edges. To get a measure independent from the
size of the myofibrils, we analyze the relative standard
deviation (=coefficient of variation) of their distances
for each image. The smaller the CV value, the more
evenly organized the myofibrils are.

To assess the shape of mitochondria in our images,
a value for mitochondrion shape was calculated as
follows:

minDiameterdverage

Shape = 1 - —_—
2= \,"I'lll:._ll."l.n':llu".-l

Thus, a completely round mitochondrion profile
shape gets a value of 0, and the closer the value is to
1, the longer the profile shape is. Long mitochondria
profile shapes (Shape > 0.5) indicate the existence
of elongated, tubular mitochondria, although their
amount in the cross-section images will be low in all
cases due to the way elongated mitochondria align
with the myofibrils (Yu et al. 2003).

Colorimetric assays for glycogen, triglyceride
and protein analysis

Glycogen, triglyceride and protein concentrations
were measured for 470 individuals from the same nests
that were used for the muscle size measurements. All
protocols were adjusted from Tennessen et al. (2014)
to allow for measuring all concentrations from the
same individuals. 384 well plate format was used to
allow for small sample volumes. Individual ants were
measured for most species, with the exception of E
pressilabris males and females, and small F exsecta males
that were analyzed pooled with the other individuals
collected from the same nest to ensure reliable results.
Body weight of 10mg was used as a cut-off for pooling
the samples. The sample used in these measurements
contained the thorax and abdomen. The head was
not used as eye pigments may interfere with the
measurement, and the head does not contain storage

resources.
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The deep frozen samples were homogenized with
Qiagen Tissuelyser Il machine and metal beads prior
to adding buffer. To allow comparing the results
of different sized individuals, the samples were
standardized by their wet weight by using 10ul
BPST buffer/ 1 mg of mass of the whole individual.
Glycocen concentrations were analyzed by breaking
the glycogen to glucose with amyloglucosidase and
comparing the obtained total glucose concentration
to the free glucose concentration of each sample as a
paired assay with Sigma Aldrich Glucose (GO) Assay
Kit. The triglyceride concentrations were analyzed
with Sigma Aldrich Serum Triglyceride Determination
Kit. Protein concentrations were analyzed with Sigma
Aldrich Bradford Reagent. The absorbances were
measured with the Enspire multimode plate reader.

Statistical analyses

The raw data were analyzed in R (R Core Team
2013) with the package Ime4 (Bates et al. 2014), and
estimates for p-values were obtained with the package
ImerTest (Kuznetsova et al. 2017). Linear mixed
models (LMM) were used for the body proportion
and biochemical data. In all of these analyses, the
measured variable was used as a response variable, and
the social organization (monodomous/ polydomous),
sex, and their interaction were used as fixed effects,
except for the triglyceride measurements where there
are data only for the queens and thus only the social
organization is used as fixed effect. The species and
nest were used as nested random effects. The equality
of variances between males and females, as well as
between the two social types, were tested with an
F-test. As the variance of these data differ between
the inspected classes in some cases, the reliability of
LMM results was checked with robust LMM models
that give more weight to samples with values closer to
the mean, with the package robustlmm (Koller 2016).

Similar LMM analyses on body proportions and
biochemical measurements were repeated for E exsecta
and E pressilabris with additional samples from the
divergent social organization (polydomous for  exsecta,
and monodomous for E pressilabris) to analyze within-
species variation. In these analyses the nest was used as
a random effect. The polydomous F exsecta population
produces an extremely male-biased sex ratio, and thus
our sample size for polydomous E exsecta queens is very
small (N=7). All of them were used for the muscle

size analysis, and thus the effect of social organization
on the biochemical resources was not analyzed for £

exsecta queens .

The microscopical muscle structure data were analyzed
similarly with either LMMs or with generalized linear
mixed models (GLMM) with gamma distribution
and an identity link function. As most mitochondria
profiles get small values of degradation with our initial
thresholding, the initial values of degradation are not
especially informative. Thus, the presence of high
values of degradation (>10% of mitochondria profile
area) was analyzed with a GLMM with binomial
distribution and a logit link function. In all data for
individual cell organelles the nested random effect
structure was as follows: species/nest/individual/
image. For the image level measurements (total
mitochondria/myofibril area and the CV of distances
among myofibrils) the random effect structure was
species/nest/individual.

All models were validated as instructed by (Zuur
2016). Benjamini-Hochberg procedure (1995) was
used to correct p-values of all of the LMMs and
GLMMs to decrease the false discovery rate arising
from high number of measurements and corresponding
statistical tests. False discovery rate of 0.05 was used in
the correction.

The microscopic muscle structure data were combined
into a single data set by calculating image means for the
measured variables. Correlations among the measured
variables for both sexes separately were visualized with
the R package corrplot (Wei and Simko 2017). The
associations between different measurements were
inspected with Pearson's product moment correlation
coefficient with the significance level p = 0.01. The
dataset was centered, scaled and transformed (Box and
Cox 1964), and linear discriminant analyses (LDA)
were performed with the R package MASS (Venables
and Ripley 2002) for males and queens separately to
investigate whether the six species or the two social
types differ overall by their dispersal traits. As none off
the measured microscopical traits were too strongly
intercorrelated (cut-off correlation coefficient 0.7)
they were all kept in the analyses. The LDAs were
repeated for 60% of the data, and the remaining 40%
was used to validate the model accuracy in classifying
the samples into the correct groups.
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The body ratio and biochemical data were similarly
combined into a single data set by calculating nest
means for the measured variables. Correlations were
analyzed and LDA performed as above. For males the
LDA included the total body weight, abdomen ratio,
muscle ratio, protein concentration and glycogen
concentration. Thorax ratio was not included due to
a strong correlation with abdomen ratio (correlation
coefficient -0.86). For the queens the LDAs included
abdomen ratio, muscle ratio, protein concentration,
glycogen concentration and triglyceride concentration.
Total body weight and thorax ratio were not included
due to a strong correlation with abdomen ratio

(correlation coefficients 0.71 and -0.81, respectively).

RESULTS

All results for all of the measured variables for each
species, social organization and sex are summarized in

Appendix Tables 1 and 2.

Body proportions and flight muscle ratio

The muscle ratios are higher in males (species
averages vary between 0.23 - 0.31) than in queens
(species averages 0.15 - 0.25) (Figure 1, Table 2).
There is a trend of male muscle ratios being smaller in
polydomous species than monodomous species, with
no effect in queens, seen in the significant interaction

in our models (Figure 1, Table 2). Polydomous species

Queens

Figure 1. Flight muscle mass
to body mass ratio by species
and by sex. All data are visualized
as data points and density plots,
the mean is visualized with a
diamond shape. The species are
abbreviated as follows: FPRA = E
pratensis, FAQ = FE aquilonia, FEX

= Eexsecta, FPRE = E pressilabris,
FFU = E fusca, FCI = Ecinerea.

The males have significantly larger
muscle ratios than the queens, and
the monodomous males have larger
muscle ratios than the polydomous
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males (Table 2).
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Table 2: Analyses of the body proportions and biochemical measurements. In all of the analyses, the
social organization (monodomous/polydomous), sex, and their interaction were used as fixed effects, except for the
triglyceride measurements where there are data only for queens and thus only the social organization is used as fixed
effect. Species and nest were used as random effects. The Benjamini-Hochberg procedure (BF, 1995) was used
to correct the parameter p-values to decrease the false discovery rate. Tests where the p-value is smaller than
the BH critical value are considered significant. Non-significant results are presented in grey.

Response

Parameter names robust LMM LMM

Total body mass B SE t-value B SE t-value p BH
Intercept (Monodomous males) 0.0185080 0.0072089 2.567 1.820e-02  6.096e-03  2.985 0.0405
Polydomous 0.0060243  0.0101945 .0.591 5.783¢-03  8.621e-03  -0.671 0.5390 0.040
Queens 0.0056916 0.0002665 21,355 6.493e-03  3.210e-04  20.225 <le-16 <0.001
Interaction 0.0004248 0.0003604 1.179 5.105¢-04 4 355004 1.172 0.2414 0.027
Abdomen ratio

Intercept (Monodomous males) 0.405258 0.029833  13.584 4.07%-01  2.56%9-02  15.875 8.79%-05
Polydomous 0.002636 0.042174  0.063 9.032e-04 1.631e-02 0,025 0981344 0.05
Qu'wns 0.012979 0.003493  3.716 1.482e-02  3.978¢-03  3.726 0.000205 0,01
Interaction 0.007757 0.004741  1.636 4.371e-03  5.406e-03  0.809 0.418969 0.036
Thorax ratio

Intercept (Monodomous males) 0.5231822 0.0120647 43.36 0.521735 0.010692 48.795 6.81e-07
Polydomous 0.0166650  0.0170384¢ -0.98 0.016098  0.015088 1.067 0.344 0.032
Qu::{:ns -0.0740592  0.0029078 -25.47 -0.075294  0.003251 -23.161 <le-16 0.001
Interaction 0.0009972 0.0039677  0.25 0.003730 0.004438 0.840 0.401 0.036
Muscle ratio

Intercept (Monodomous males) (0.298065 0.018023 16.538 0.295129 0.017316 17.044 5.91e-05
Polydomous 0.026567 0.025471 1.043 0.025746  0.024465 1.052 0.350971  0.032
Queens -0.087161 0.003240  -26.902 -0.085334  0.003814 -22.374 <2e-16  0.002
Interaction 0.019357 0.004629 4,182 0.018642 0.005444 3.424 0.000692 0.01
Protein concentration

Intercept (Monodomous males) 3.06562 0.21579 14.207 3.19579 0.20451 15.626 5.02e-08
Pol:.'(lnmnus 0.08502 030396 0.280 0.13086 0.28900 0453 0.661 0.042
Queens -1.46493 0.21629 -6.773 -1.47031 0.25704 -5.720 4.95¢-08 0,007
Interaction (.23503 0.29881 0.787 0.08137 0.35822 0.227 0.821 0.047
Glycogen concentration

Intercept (Monodomous males) 1.15765 0.19927 5.809 1.2132 0.2094 5.793 0.00173
Polydomous 0.59650 0.27995 2.131 0.5851 0.2938 1.991 0.10105 0,022
Queens 0.09018 0.13470 0.669 0.2220 1.255 0.21057 0.025
Interaction 0.61968 0.17933 31.456 0.5486 0.2384 2.302 0.02197  0.014
Triglyceride concentration

(queens)

Intercept (Monodomous) 0.5550 0.1768 3.139 0.5430 0.1728 3.142 0.0371
Polydomous 0.2549 0.2490 0.2327 0.2433 0.956 0.3963 0.034

also have larger variance in the mean muscle ratio than
the monodomous species (Appendix Table 3).

The queens are overall larger than males of the same
species (Table 2, Appendix Figure 1). There is a
lot of size variation among the species, but it is not
consistently explained by the social organization (Table
2, Appendix Figure 1). The body ratios are opposite

in males and queens: the queens have larger abdomen
ratios than males, whereas males have larger thorax
ratios than queens (Table 2). Coptoformica queens have
larger heads than other Formica queens, and their other
body ratios are accordingly affected: especially the
abdomens are smaller than in other Formica (Appendix
Figure 1).
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Microscopic muscle structure

Opverall, the muscle structure analysis reveals that
all species have well-structured flight muscles with
rather evenly-organized myofibrils (average CV of
distances per image for each species and sex varies
between 0.218-0.257, Appendix Table 1). All of the
studied species have large quantities of mitochondria
almost filling the spaces among the myofibrils (on
average, 40.0% of the total cross section area), though
individual mitochondrium profile areas are small
(Figure 2). There is large variation within species,
but only small variation among species (Appendix
Figures 2 and 3). There are signs of minor degradation
of mitochondria, but it is not extensive (Appendix
Figures 4 and 5). None of the differences in muscle
structures can be explained by social organization or
sex (Appendix Figures 2 and 3 and Table 4).

For the muscle structure data, the sex-specific LDA
models assigned the samples to two groups based
on social organization with 66% and 76% accuracy
for queens and males, respectively. Even though the

single measurements do not show differentiation, this
suggests there is minor differentiation in overall muscle
structures between the two social organizations.
The LDA models were not able to find species-level
differentiation based on muscle structures, with model
accuracies of 37.23% for the queens and 49.16% for
the males. (Figure 3)

Glycogen, triglyceride and protein analysis

There are species-specific differences in the amounts
of metabolic resources, but none of this variation is
consistently explained by the social organization
(Table 2). Glycogen concentrations in males are
similar in closely related species, whereas queens have
large variation among the species regardless of the
phylogeny (Figure 4a). The queens also have greater
overall variation in glycogen concentration (Appendix

Table 3).

The mean soluble protein concentrations are similar
in the six species, with no effects of the social
organization (Figure 4b, Table 2). Males have more

Paolydomous

Figure 2. Typical transmission electron microscopy images of the flight muscle
tissue for all of the sampled Formica species and both sexes. All species have functioning
muscles, and there are no big differences in the mitochondria and myofibril sizes or structures
among the species. Myofibril cross sections are visible as round, equally distributed shapes in the
images. Mitochondria are the unevenly distributed oval shapes, with cristae visible inside. The black

granules between the cell organelles are glycogen.
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Figure 4: Biochemical measurements by species and by sex. All data are
visualized as data points and density plots, the mean is visualized with a diamond shape.
The species are abbreviated as follows: FPRA = E pratensis, FAQ = F aquilonia, FEX =
Eexsecta, FPRE = E pressilabris, FFU = E fusca, FCI = Fcinerea. The social organization

of each species is highlighted with color: dark green = monodomous, yellow =
polydomous. Social organization does not explain any of the variation (Table 2).

a) Glycogen concentration, b) protein concentration, c) triglyceride concentration for

the queens.
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protein than queens and the variation is larger in males
than in queens (Figure 4b, Table 2, Appendix Table 3).

Males do not have measurable amounts of stored
triglyceride — only 15.3% of the males in our dataset
had values higher than zero, and some of these were
among the pooled E pressilabris individuals, making
the actual number possibly even smaller. As it is likely
that these rare positive values reflect their last meal
rather than stored resources, the male triglyceride
measurements were not analyzed further. Also some
of the Coptoformica queens had such low amounts of
triglyceride that it could not be measured with our
assay. Overall the queen triglyceride concentration
varies greatly among species (Figure 4c).

Overall differentiation

In both sexes, there is a correlation between individual
size and muscle ratio: larger individuals also have
proportionally larger muscles. The thorax ratio and
abdomen ratio are strongly negatively correlated
in both sexes. In queens, the body proportion and
biochemical measurements correlate overall more
strongly than in males, who don’t have significant

correlation among most of these measures. However,

the thorax ratio and muscle ratio do not correlate in
queens, but do correlate positively in males. (Appendix
Figure 7)

For the body ratio and biochemical data, the sex-
specific LDA models assigned the samples to groups
based on social organization with 53% and 68%
accuracy for queens and males, respectively, and to
groups based on species with 53% and 74% accuracy
for queens and males, respectively. Thus, the models
fail to separate the queens, but function slightly
better for the male data. For the queens the observed
clustering reflects more the subgenus than the social
organization or species, as the Coptoformica queens
cluster separately from the other species with the first
linear discriminant (Figure 5).

Within-species variation

E exsecta has smaller individuals in the polydomous than
in the monodomous populations, whereas E pressilabris
has no size difference between the social organizations
— the individuals of this species are always very small.
In E pressilabris, the queens are slightly smaller than
the males, which differs from the general pattern of
in Formica where queens are usually the largest caste.
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Figure 5: Linear discriminant analyses for each species by
morphological and biochemical data. The symbol denotes the
subgenus: triangle = Formica rufa —group, circle = Coptoformica, rectangle
= Serviformica. The color denotes social organization: dark green =

monodomous, yellow = polydomous.
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Figure 6:Total body sizeand | Formica exsecta |
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In E exsecta, both males and queens have smaller
muscle ratio in the polydomous population than in
the monodomous populations, whereas in E pressilabris
there is no effect of social organization on the muscle
ratio. There are no intraspecific differences in the
biochemical measurements between the two social
organizations. (Appendix Tables 2 and 5).

DISCUSSION

Our hypothesis that the queens of the polydomous
species would have smaller resource allocation to
dispersal traits than queens of the monodomous
species was not met. Thus, social polymorphism in
Formica ants seems to be a result of queen behavior

rather than queen dispersal morphology. However,
male muscle ratios are smaller in the polydomous
species, showing that their morphology is slightly
differentiated between the two social organizations.
The hypothesis for sex-biased dispersal ability was
met, as males have larger flight muscle ratios than the

queens across the genus.

Formica flight ability

In general, Formica muscle sizes are adequate for flight
in all the studied species. Marden (1987) specifies a
threshold of 12-16% of minimum muscle ratio for
successful take off, and all of our species exceed this.
The only exception is a proportion of E pressilabris
queens that have smaller muscle ratios than this,
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suggesting that in this species the queen flight ability
is partially compromised. Formica pressilabris seems to
be overall the poorest flyer in our dataset, with by far
the smallest muscle ratios in both sexes, and the lowest
glycogen concentrations in the queens.

In addition to muscle ratios, also the muscle structures
indicate functional muscles in all the species and
both sexes. The total mitochondrial area, 40% of the
muscle cross sections, compares well to other flying
insects. Libellula dragonflies, good examples of strong
flyers because they spend about a third of their time in
flight (Marden et al. 1996), have only slightly larger
mitochondria arcas (46%, Marden 1989). Even E
pressilabris, with its smallest muscles, has good muscle
structures, and is likely able to fly adequately when
the muscles are large enough. When comparing the
ant muscle structures to actively flying insects, there
is one minor difference: flying insects often have very
large and fused mitochondria that tightly envelope
the myofibrils (Edwards and Ruska 1955, Sohal and
Allison 1971, Sohal et al. 1972), whereas most of the
mitochondria in our samples are singular and more or

less round-shaped.

Of our study species, the dispersal of E exsecta has
been shown to happen mostly over short distances
(Sundstrom et al. 2003, Vitikainen et al. 2015).
Formica exsecta has rather average dispersal traits
when compared to the other species in our dataset,
suggesting that none of the species are exceptionally
good dispersers. This is in line with studies on other
ants. For example Solenopsis invicta queens seem
to have resources for an average flight of only 45
minutes, which means they disperse long distances
only passively by wind (Vogt et al. 2000).

Sex biased flight ability

Overall, the muscle ratios are larger in males,
indicating that Formica males are stronger flyers than
Formica queens, regardless of the social organization,
concurring with the male-biased dispersal shown
in gene flow analyses (Sundstrém et al. 2005).
Interestingly, the glycogen concentration does not have
any overall sex differences. It is possible that the queen
and male flight has different energetic needs because
of their different body shapes and larger abdomen
drag in queens (Helms 2018). In S. invicta, queens
increase their metabolic rate more than males during

flight (Vogt et al. 2000). This means that the glycogen
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resources cannot be directly compared between the
sexes. The sexes may also have different wing shapes,
which can affect their flight energetics and dispersal
ability, as has been shown in several other insects (e.g.
Berwaerts et al. 2002; Hoffmann et al. 2007; Yao and
Katagiri 2011).

In E fusca, gene flow was recently shown to be unbiased
between the sexes, or even slightly female biased
(Johansson et al. 2018), in contrast to the general male
bias in Formica ants (Sundstrom et al. 2005). In our data
the males of this species still have larger muscles than
the queens. However, the glycogen reserves of E fusca
males are low compared to other Formica males, and
it seems possible that this limits their flight duration.
If the two sexes disperse similar distances, or queens
disperse only after mating, the unbiased gene flow
patterns are easily explained (Johansson et al. 2018).
Unfortunately observational studies on dispersal and
mating behavior in natural populations have not been
done for F fusca.

The effect of social organization

Against our main hypothesis, monodomous queens
do not have clearly higher allocation to dispersal traits
than the polydomous queens. Dispersal abilities vary
among species, showing the importance of species
specific ecological and evolutionary constraints in
dispersal evolution, but there is no overall pattern due
to the social organization. Thus, queen philopatry in
polydomous societies is likely a behavioral decision and
not caused by the queen morphology. It is possible that
we have missed the philopatric queens in our sampling,
if they are rare or do not come to the nest surface even
for mating — but this seems unlikely. For example in E
pressilabris, also the queens with so small flight muscle
ratios that they are likely unable to fly, still appeared on
the nest surface where we sampled them.

In our male data, the muscle ratios are overall slightly
larger in monodomous than in polydomous males,
indicating that flight ability is lower in polydomous
males. Although this effect is small, it is biologically
meaningful and indicates evolution on dispersal
ability in connection to social organization. Muscle
ratio is the most important trait measured in this
study, as it straightforwardly affects the flight ability
of the individuals (Marden 1987). Additionally,
social organization affects the variance of the body

proportions, including muscle ratio that varies more
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in the polydomous species. This indicates that selection
on mating and breeding strategies may be disruptive in
polydomous societies and, as a result, they have more
variation in dispersal traits compared to monodomous
If there is
dispersal and philopatry in the queens, it is possible

societies. simultaneous selection for
that the same is true for the males: if local mating
with the philopatric queens is possible, some males
may be selected not to allocate their resources to
flight muscles. Due to low relatedness in polydomous
societies, the risk of inbreeding is a smaller selection
pressure in them than in monodomous societies,
which makes evolution of increased philopatry more
likely (Vitikainen et al. 2015, Hakala et al. 2019).

The
are slightly differentiated between the two social

combined microscopic muscle structures
organizations based on LDA, but there is no such
separation by species. Itis not clear how this is reflected
in the muscle function, but the result supports our
conclusion that although the evolutionary changes in
dispersal traits in connection to social organization are

small in Formica ants, they do exist.

Coevolution of dispersal and mating

When  considering the possibility of increased
philopatry in Formica males, we need to consider their
mating system — of which we have surprisingly scarce
information apart from a general notion of it being
complex. Formica queens seem to use pheromones to
attract males, and males follow these cues to find them
in the field. The males can also visually locate male
aggregations that form when several males locate the
same queens. Instead of mating away from their natal
colony, queens can use their pheromones to attract
males towards their natal colony, and likely do so in
all of the polygynous and polydomous species where
daughter queens are recruited back to their natal
colony. However, the amount of studies analyzing
mating behavior in Formica is very small and with
a small number of species — from our study species
only E aquilonia and F exsecta have been studied in this
respect. (Kannowski and Johnson 1969, Cherix et al.
1991, 1993, Walter et al. 1993, Fortelius 2005, Martin
etal. 2014).

In polydomous ants, there may be plenty of
opportunities for local mating, and evolution of
philopatric males seems possible in the light of our
data on their dispersal morphology. In supercolonial

E paralugubris mating within the nest is very common
based on genetic data (Chapuisat et al. 1997, Chapuisat
and Keller 1999). Although there is no data on male
behavior for all our study species, we hypothesize that it
has changed in the polydomous species due to selection
for local mating. As an extreme example, simultaneous
selection for both local mating and dispersal explains
the evolution of separate morphs in wing-dimorphic
insects, due to a trade-off between sperm amount and
flight (Zera and Denno 1997, Saglam et al. 2008). In
ants such male dimorphism is very rare, but does exist
in Cardiocondyla ants (Kinomura and Yamauchi 1987,
Heinze and Holldobler 1993). We do not have data on
male sperm amounts, but we did measure their total
protein amount that can be considered to somewhat
represent the amount of seminal fluid, which contains
large amounts of proteins (Avila et al. 2011). The
concentrations vary substantially within species,
showing that there are possibilities for selection.
Despite the possibility, there is no correlation between
muscle size and protein concentration in males, and
no differences between the two social organizations,
revealing no clear division to two different male types
in general. However, in E exsecta, there are two male
size morphs (Fortelius et al. 1987) that we will discuss

in a later section.

Proper analysis of both sperm quantity and mating
behavior across the different social organizations would
be interesting. Polydomous Formica is substantially
casier to induce to mate in the laboratory (Fortelius
1987, but see also Martin et al. 2014), which indicates
that in polydomous species there indeed has been
evolution towards local mating, possibly through
decoupling their mating propensity from flight.

Differing ecologies of the study species

Males have fewer significant correlations among the
measured dispersal traits than the queens, and they
can also be more accurately assigned to both species
and social organization than queens with the LDA
based on combined muscle ratio, body proportion and
biochemical data. These results indicate that there may
be slightly more diversification of male dispersal traits,
possibly because males are under smaller evolutionary
constraints and trade-offs than the queens and may
thus be more free to evolve (Helms and Kaspari 2015,
Hakala et al. 2019). One such evolutionary constraint
for the queens is the distinct head shape of Coptoformica:
they have long heads with strong jaw muscles because
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workers chop grass into nest-building material, and
the queens share this morphological feature with
them (Seifert 2000). This likely restricts their other
body proportions and thus their dispersal evolution
— resulting in smaller abdomen ratios and smaller
triglyceride amounts, compared to other Formica
queens. These differences explain why they separate
from other species by the first linear discriminant in
our LDA.

As previously mentioned, such ecological and
evolutionary constraints strongly affect dispersal.
The most obvious ecological difference in our
chosen study species is the mode of nest founding:
Only the two Serviformica species are capable of
independent nest founding, and of them only E fusca
is an obligate independent founder whereas E cinerea
can also use dependent founding (Collingwood 1979,
Goropashnaya et al. 2001). The other study species are
dependently founding or temporary social parasites
that sneak into the nests of other Formica ants instead
of founding their own nests (Collingwood 1979,
Buschinger 2009). Following the logic of the found
or fly hypothesis, which states that there is a trade-
off between flight and nest founding abilities (Helms
and Kaspari 2014, 2015), an obligatory independent
founder should have higher nest founding resources
and thus poorer flight resources compared to species
that have other options for nest founding, This seems
to be the case in fire ants where the leaner queens with
proportionally larger muscles are able to fly longer,
but act like parasites due to smaller nest founding
resources (Helms and Godfrey 2016).

Based on our results in Formica, the found or fly trade-
off does not play out as expected: the socially parasitic
queens do not have larger muscle ratios or consistently
poorer biochemical resources. On the contrary, the
highest queen muscle ratios are in Serviformica species,
and the highest triglyceride concentrations are in one
of the social parasites, E pratensis. The only obligate
independent nest founder, E fusca, has better queen
resources for both flying and nest founding than average
Formica. The pioneer ecology of E fusca (Hannonen et al.
2004, Johansson et al. 2018) is likely to create strong
selection pressure for both good dispersal ability
and good nest founding ability, whereas the parasitic
species may be under completely different selection
pressures arising from their parasitic lifestyles (Brandt
et al. 2005, Hakala et al. 2019).
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Our study species are very differently sized, and thus
we mostly discuss their dispersal resources as size-
corrected measurements: ratios and concentrations.
However, the relationship of actual body size, dispersal
ability and colony resource allocation is very complex.
Because metabolism scales with body size in such
a way that larger individuals have relatively smaller
metabolic rates, the energetic costs of all activities,
including flight and maintenance of flight muscles, also
depend on the body size (Chown and Nicolson 2004,
Suarez et al. 2004, Chown et al. 2007). Thus, absolute
body size also plays a role in dispersal ability. According
to our results, the body size correlates positively
with several of the size-corrected measurements,
which indicates that larger individuals are overall
more able to have good dispersal resources. Direct
measurements of dispersal physiology and metabolic
rates would aid in confirming this hypothesis. These
kind of measurements might also reveal additional
variation in the dispersal ability, which is not visible in
the morphological proxies used in this study.

Smaller queens have long been associated with more
complex ant societies, a phenomenon connected to the
so-called polygyny syndrome, and ultimately limited
dispersal (Rosengren and Pamilo 1983, Keller 1993). It
is important to note, however, that this syndrome could
also be called the polydomy syndrome, as Rosengren
and Pamilo (1983) and Keller (1993), among others,
mostly investigated species that are polygynous and
polydomous instead of purely polygynous. Producing
smaller sexuals is a sign of smaller colony level
resource allocation in them. According to our results
the body size is not consistently explained by social
organization at the species level: the E rufa group
species and Coptoformica species follow this pattern,
whereas the Serviformica species do not. It is possible
that the socially polymorphic E cinerea (Goropashnaya
et al. 2001) has transitioned to polydomous colony
structure evolutionarily so recently that it does not
show the expected size difference when compared to
its relative E fusca.

Within-species variation

E exsecta males are size dimorphic: tiny males are
found in predominantly polygynous populations, and
large males in monogynous populations (Fortelius
et al. 1987). Monogynous populations have rather
large male size variation (Vitikainen et al. 2015), and
it is easy to hypothesize that all populations have the
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potential to produce small males. However, for some
reason small males are selected for in the polydomous
populations, leading to reduction or loss of big males in
them. Previously smaller males have been considered
better dispersers (Fortelius et al. 1987), but in this
work the small male size correlates with substantially
lower muscle mass / body mass ratios and thus likely
with poorer dispersal at least through active flight.
More work on dispersal behavior of E exsecta males
is needed to resolve this contradiction. In addition
to the males, also E exsecta queens are smaller in the
polydomous population compared to monodomous
populations. The evolution of decreased size of
sexuals in polydomous F exsecta might reflect the same
selection pressures that have led to the evolution of
tiny sexual castes in the closely related E pressilabris.

Interestingly, although both E exsecta and E pressilabris
are socially polymorphic, only E exsecta has a size
difference between the two social organizations.
Additionally, in E exsecta but not in E pressilabris, muscle
ratios are smaller in the polydomous population in both
sexes. Formica exsecta has monodomous background
populations, from which polydomous subpopulations
occasionally arise (Seppé et al. 2004). Thus, it may have
more evolutionary flexibility than Formica pressilabris,
whose populations are more commonly polydomous
(Czechowski 1975, 1979, Seifert
2000). Formica pressilabris may have lost its variability

Collingwood

of dispersal traits and exhibit only the more derived
polydomous traits.

Variation of traits is the currency evolution uses — not
just genetic variation but to some extent also plastic
variation (Pfennig et al. 2010, Moczek et al. 2011).
In our study, the variation of most of the measured
traits is large. Such variation could lead to condition
dependent  dispersal decisions at the individual
level (Bowler and Benton 2004), as it seems to do
in E truncorum (Sundstrém 1995). The switch from
monodomous to polydomous social organization likely
starts as a plastic response to environmental pressure
and individual condition. The polydomous populations
may subsequently lose some of their original plasticity
and variation, leading to more fixed traits. This could
explain the evolution of small sexuals in commonly
polydomous and supercolonial E pressilabris, although
the exact selection pressures should be further
analyzed.

Possibility of dispersal conflict

As the supercolonial Formica queens are able to fly
but are still philopatric, the societies seem to waste
substantial amounts of resources when producing
them. The societies provide the young queens with
functional flight muscles but many of the young
queens do not use them. We suggest the high levels of
philopatry could be interpreted as a selfish behavior
of the young queens, who avoid the risks of dispersal
and are able to start reproducing sooner. Selfish
behavior is hypothesized to increase in supercolonial
ant societies (Helanterd et al. 2009) due to low
relatedness among nestmates. It indeed seems that the
supercolonial Formica societies have more queens than
they need, even hundreds per nest and thousands per
polydomous colony (Stockan and Robinson 2016). If
excessive amounts of queens stay in their natal nest,
the behavior of supernumerary queens can be seen as
almost parasitic (Rosengren et al. 1993a).

We further suggest, that increased selfish philopatry
of the queens may lead to conflict over dispersal in the
supercolonial societies, where the other members of
the society would prefer the young queens to disperse
more than they are willing to (Motro 1983, Starrfelt
and Kokko 2010, Hakala et al. 2019). According to
previous theory, the polygynous (and polydomous)
populations of Formica have density dependent
selection for both dispersing and philopatric queens
(Rosengren et al. 1993). However, to our knowledge
this theory has not been rigorously tested, or even
precisely analyzed for complex haplodiploid societies,
and no density dependence in their dispersal has been
shown. Instead, it is possible that in the extremely
polygynous Formica populations there is a feedback
loop between philopatry leading to low relatedness
that leads to more selfish queens that are even more
philopatric (Hakala et al. 2019).

CONCLUSIONS

All Formica species in our study have adequate dispersal
resources, even though queens in half of our study
species are highly philopatric. It seems that overall
dispersal does not correlate well with morphological
proxies for dispersal ability at the species level, but it
is more of a behavioral trait. A recent study showed
that in the Mediterranean fruit fly a measure of flight
performance (vertical flight force output) did not
differ between individuals classified as dispersers

103



CHAPTER 111

vs. sedentary, whereas the number and duration
of voluntary flight bursts did (Steyn et al. 2016).
Together with our results, this suggests that the ability
to disperse may not be the main driver of the actual
dispersal events in nature, but behavior has a large
role. This is in line with the notion that evolution can
be driven by behavior, followed by morphological
changes (Diogo 2017).

Thus, evolution of polydomous and supercolonial
societies in Formica is indeed a result of a change in
queen dispersal behavior, as suggested already by
Rosengren et al. (1993). There is also some evolution
of male dispersal morphology that we assume to be
related to increased behavioral philopatry in males,
too. Male morphology may have changed more freely
than the queen morphology because it is evolutionarily
less restricted (Hakala et al. 2019). This would be a
novel example of sexual coevolution in ants that are
usually studied for their social female traits alone.
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Appendix Table 1 (next page): Results and sample sizes for all of the measured variables for each
species and both sexes. For E exsecta and F pressilabris, the numbers presented here are calculated from their

main populations. For measurements from the additional populations with differing social organization, see Table
2.The biochemical resources are presented as mass-corrected concentrations in TBE buffer (10 ul/ 1 mg) to allow
comparisons among the differently sized species. The total mitochondria and myofibril arcas are measured from TEM
images with a total area of 69.2 pm2. The male triglyceride measurements are shown in grey, as they are based on a

very few individuals while most males had zero values.
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F, pratensis F, aquilonia F. exsecta F. pressilabris F, fusca F. dnerea
Monod Fnly" s Monodomous l’nlydomnns Monodomous I'olydommls
d ? d ? d ? d ? d ? d ?
Nind 138 13 135 142 125 112 87 71 69 93 127 74
N nest 15 14 11 13 13 10 12 8 13 15 29 28
Weight (z) Men 00288 00390 0.0184 00255 00104 00124 00039 00040 00144 00225 0.0164 0.0232
SD 00032 00044 0.0022 00019 00023 0.0013 00008 0.000+¢ 0.0017 0.004 0.0018 0.0026
Abdomenratio Men  0.435 0459 0440 0473 0374 0347 0373 0350 0378 0485 0420 0444
D 0.018 0023 0041 0024 0024 0032 0025 0038 0028 0060 0024 0.037
Thoraxratio Men 0502 0427 0496 0415 0540 0489 0509 0443 0548 0411 0514 0447
D 0.016 0019 0038 0022 0023 0024 0025 0028 0028 0048 0023 0.031
Nind 52 62 58 50 54 47 35 29 30 2 60 32
N nest 1 14 1 10 13 10 10 7 13 15 26 19
Muscleratio Mean 029 020 027 020 029 021 023 015 031 022 030 025
D 001 001 003 002 003 003 004 004 003 003 003 002
Nind 46 43 35 36 32 2 24 32 26 29 34 30
N nest 10 10 9 9 6 6 6 7 10 10 14 14
Protein (mg/ml) Mean  3.531 1.800 3411 1530 3.182 2476 3.184 2370 2573 1741 3381 1814
D 1.812 1253 1421 0829 1700 1558 1359 0564 1.865 1.536 2170  1.150
Glycogen (mg/ml) Men 1386 1236 1190 1.742 0920 1005 0825 0.356 0478 2281 0445 1339
D 0703 0620 0804 1030 0707 1154 0544 0260 0628 1922 058 1.398
Free glucose (mg/ml) Men  1.234 0717 1506 0656 1361 0650 1.103 0233 0503 0404 0445 0984
D 0.564 0499 0566 0301 0819 043¢ 0588 0.186 0549 0272 0532 0724
Triglyceride (mg/ml) Men 0000 0842 0001 0301 0016 0091 0058 0227 0000 058 0002 0467
D 0.000 0453 0007 0238 0089 0238 0093 0253 0000 0452 0012  0.369
Nind 9 9 9 9 9 9 9 9 9 9 9 9
N nest 3 3 3 3 3 3 3 3 3 3 3 3
Total mitochondriaarea  Mean  26.906 27.426 27.974 29.980 26.167 28.037 27.704 28.040 30.168 27.545 25487 27.253
(um27) o 3.989 3123 3609 2547 3.354 4486 3706 3.058 3793 3786 3.302 4.280
Mitochondrionprofile  Mean  0.887 0754 0694 0992 0957 0997 1.028 0925 1319 087 0736 0715
area(um2) o, 0.532 0480 0463 058+ 0686 0649 0635 0585 0844 0608 0470 0505
Mitochondrium profile  Mean  0.020 0014 0033 0023 0031 0046 0068 0042 0063 0022 0022 0036
degraded area (um2) ¢, 0.078 0051 0095 0067 0.097 0152 0205 0.57 0.188 0095 0089 0.144
Mitochondrium profile  Mean 0272 0305 0283 0298 0311 0320 029 0302 0337 0337 0281 0273
shape g, 0.145 0154 0149 0.149 0.157 0159 0158 0.153 0.164 0157 0144 0.142
Totalmyofibrilarea (um2)  Mean  30.322 33.325 32,645 31.118 28771 30.174 28424 31.607 26770 30922 33.321 30.180
D 3.208 3268 3108 256+ 4101 4737 3.558 4347 3047 3950 3.160 4.665
Myofibril profile diameter ~ Mean  1.660 1741 1619 1505 1.649 1549 1459 1559 1444 1529 1631 1571
(m) g 0302 0316 0256 0231 0279 0324 0250 0.257 0289 0269 0268 0.241
CVofdistancesamong ~ Mean  0.237 0218 0236 0241 0228 0233 0257 0242 0252 0232 0228 0.230
myofibrils o, 0.094 0087 0077 0069 0080 008 0076 0085 0059 0077 0071 0.071
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Appendix Table 2: Results and sample sizes for both social organizations of E exsecta and E
pressilabris. The biochemical resources are presented as mass-corrected concentrations in TBE buffer (10 ul/ 1
mg) to allow comparisons among the differently sized species. The male triglyceride measurements are shown in
grey, as they are based on a very few individuals while most males had zero values.

F. exsecta F. pressilabris
Monodomous  Polydomous Monodomous  Polydomous
d Q d s d ? () Q
Nind 125 112 65 7 78 29 87 71
N nest 13 10 10 1 9 4 12 8

Weight (g)  Mean 0.0104 0.0124 0.0054 0.0099 0.0045 0.0043 0.0039 0.0040
SD 0.0023 0.0013 0.0014 0.0006 0.0008 0.0004 0.0008 0.0004
Abdomenratio  Mean 0374 0347 0397 0370 0373 0374 0373 0.350

SD 0024 0032 0029 0032 0029 0037 0025 0038
Thoraxratio Mean 0540 0489 0.500 0457 0517 0422 0509 0443
SD 0.023  0.024 0027 0.025 0.030 0.027 0.025 0.028
Nind 54 47 19 7 35 14 35 29
N nest 13 10 9 1 8 4 10 7
Muscle ratio  Mean 0293 0210 0243 0200 0.217 0.116 0235 0.151
SD 0032 0025 0046 0035 0061 0031 0038 0036
Nind 32 22 47 0 8 11 24 32
N nest 6 6 10 0 2 3 6 7
Protein (mg/ml) Mean  3.182 2476  3.086 4025 2876 3.184 2370
SD 1700  1.558  2.169 0.874 1492 1359  0.564
Glycogen (mg/ml)  Mean 0920 1.005 0.835 1199  0.269 0825 0.356
SD 0.707  1.154  0.489 1302 0.174 0544  0.260
Free glucose (mg/ml)  Mean 1361  0.650 1.195 1.259 0519 1103  0.233
SD 0.819 0434 0562 0372 0148 0588 0.186
Triglyceride (mg/ml) Mean 0016  0.091 0.015 0.083 0371 0058 0227
SD 0089 0.238  0.067 0.089 0397  0.093  0.253

Variance of data

Measurement Social Sex

Total body weight F=1.8562, F=0.50838,
p=5773¢-15 p<2.2e-16

Abdomen ratio F=1.3152, F=0.36987,
p=0.0004893 p <2.2e-16

Thorax ratio F=1.365, F =0.65512,

Appendix Table 3: Differences in p=7.592¢05 p=6.97¢08

variances between measured classes
in body proportion and biochemical Muscle ratio F=0.7809, I =1.1613,
data tested with F test. Social: comparison p=004132  p=02193
between monodomous and polydomous social
structure, F values smaller than 1 indicate that
the polydomous have a higher variance. Sex: p = 0.07299  p=1.619-07
comparison between males and queens, F value
smaller than 1 indicates the queens have a higher
variance. Non-significant results are presented
in grey. Triglyceride concentration F=2.7938, NA
p=9.232¢-07

Protein concentration F=1.2954, F=12.1479,

Glycogen concentration F=1.2675, F=10.34272,
p =0.1005 p=3.163¢-13
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Appendix Table 4: Analyses of the microscopical muscle structure measurements. In
all of the analyses, the social organization (monodomous/polydomous), sex, and their interaction
were used as fixed effects, and the species, nest and individual identity as nested random effects. For
the analyses of organelle profiles also the image was used as a random effect, nested within individual.
The Benjamini-Hochberg procedure (BH, 1995) was used to correct the parameter p-values to
decrease the false discovery rate. Tests where the p-value is smaller than the BH critical value are
considered significant. Non-significant results are presented in grey.

Response
Parameter names B SE z/t-value p BH
Mitochondria Totalarea LMM
Intercept (Monodomous males) 28.0731 0.7306 38.427 1.17E-09
Polydomous 1.012 1.0178 0.994 0.3538 0.033
Queens 0.2542 0.6954 0.366 0.7155 ).04
Interaction 1.6143 0.9679 1.668 0.0986 0.021
Area of profiles GLMM (gamma)
Intercept (Monodomous males) 1.00034 0.09202 10.871 <2E-16
Polydomous 0.28439 0.13004 2.187 0.0288 0.016
Queens (0.18922 0.10799 |.752 0.0797 0.018
Interaction 0.27135 0.15301 1.773 0.0762 0.018
Shape of profiles GLMM (Eamma)
Intercept (Monodomous males) 3.4187 0.1089 31.389 <2E-16
Polydomous 0.192 0.1536 1.25 0.211 0.026
Queens 0.1755 0.1184 1483 ). 138 0.023
Interaction 0.1183 0.1678 0.705 0.481 0.038
Presense of higmradation GLMM (binomial)
Intercept (Monodomous males) -3.20694 0.22549 -14.222 <2E-16
Polydomous 0.221 0.31471 0.702 0.483 0.039
Queens 0.1327 0.3158 0.42 0.674 0.043
Interaction 0.08644 0.44557 0.194 0.846 0.048
Myofibrils Total area LMM
Intercept (Monodomous males) 28.8324 0.9405 30.657 1.24E-10
Polydomous 2.5937 1.3122 1.977 0.0801 0.019
Queens 2.51¢ 1.0691 ?.35 0.026 0.014
Interaction 3.003 1.4965 2.007 0.0548 0.017
Diameter of profiles LMM
Intercept (Monodomous males) 1.62538 0.05602 29.013 1.66E-07
Polydomous 0.02046 0.07919 0.258 0.805 0.046
Queens 0.03296 0.04646 0.7 0.484 ).04
Interaction 0.06492 0.06587 0.986 0.333 0.031
CV of distances among myofibrils LMM
Intercept (Monodomous males) 0.2395166  0.0069459  34.483 1.01E-12
Polydomous 0.0003942  0.0096782 0.041 0.968 0.049
Queens 0.0118959 0.0087021 1.367 0.183 0.024
Interaction 0.009038 0.01219 0.741 0.465 0.038
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Response
Parameter names LMM results
F. exsecta Total body mass B SE t-value P BH
Intercept (Monodomous males) 1.04E-02 3.86E-04 26.99 <2E-16
Polydomous -5.12E-03 6.36E-04 -8.041 1.14E-08 0.006
Queens 1.72E-03 2.72E-04 6.318 9.44E-10 0.005
Interaction TIE- (4 5.4 1E-04 058 ).291 0.029
Abdomen ratio
Intercept {Monodomous males) 0.377616 0.0046 82.091 <2E-16
Pol,rdumuus 0.020074 0007456 692 0.0117 0.
Queens -0.032768 0.005131 -6.387 1.59E-09 0.005
Interaction 0.001338 0013032 0.103 19183 0.049
Thorax ratio
Intercept (Monodomous males) 0.536703 0.004107 130.694 <2E-16
Palydomaous -0.036948 0.00666 -5.548 6.33E-06 0.008
Queens -0.047137 0.004474 -10.536 <IE-16 0.003
Interaction 0.009073 0.011279 0.804 ),422 0.037
Muscle ratio
Intercept (Monodomous males) 0.293243 0.005652 51.879 <2E-16
Polydomous -0.050535 0.010393 -4.862 2.83E-05 0.008
Queens -0.084247 0.007383 1411 <E-16 0.003
Interaction 042619 DO018148 18 00213 0013
Protein concentration (males)
Intercept (Monudomous) 29106 0.7667 3.79 0.00279
Polydomous 0.4785 0.9756 0.49 0.6329 0.04
Glycogen concentration (males)
Intercept (Monodomous) 1.0233 0.1872 5.466 8.32E-05
Pol)u]umuus 2827 0.2387 85 0.255 0.028
F. pressilabris Total body mass
Intercept (Monodomous males) 0.0048142 0.0002092 23.01 <2E-16
Polydomous 0.000663 0.0002666 2487 0.01952 0.0
Queens -0.0009556 0.0003056 -3.128 0.00261 0.011
Interaction 0.000573 0.0003444 664 0.09975 0.021
Abdomen ratio
Intercept (Monodomous males) 0.373827 0.007141 52,347 <2E-16
Polydomous 0.002422 0.00933 0.26 ),7969 0.045
Queens 4] 0012185 265 0. 0.045
Interaction 0014503 15 ).033 0.016
‘Thorax ratio
Intercept (Monodomous males) 0.515276 0.006241 82,562 <2E-16
Polydomous 0.008157 .89 0.3785 0.03
Queens 0.010661 -8.898 6.06E-11 0,004
Interaction 0.012698 7 0.0275 0.015
Muscle ratio
Intercept (Monodomous males) 0.2194 0.0115 19.08 2.51E-15
Polydomous 01557 0.01564 1.995 ).329 0.03
Queens -0.10093 0.02057 4.906 4.76E-05 0.009
Interaction 0.01525 0.02564 0.557 0.041
Protein concentration
Intercept (Monodomous males) 4.0248 0.6594 6.103 3.09E-05
Polydomous 9023 0.75¢ 1.202 0.248 0.0
Queens 0.9169 08553 1.30 0.029
Interaction 0.223¢ 0.9583 0.818 0.047
Glycogen concentration
Intercept {Monodomous males) 1.2 0.5039 0.0321
Polydomous 8048 0.5443 ). 1614 0.023
Qu;ens 0.8964 0.6505 0.
Interaction 22 0.¢ 88 0.
Triglyceride concentration (queens)
Intercept {(Monodomous) 0.4072 0.1911 213 0.0657
Polydomous 20)2¢ 0.2283 0.887 ) 4008 0.
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Appendix Table 5 (previous page): Analyses of the body proportions
and biochemical measurements within E exsecta and E pressilabris. The
social organization (monodomous/polydomous), sex, and their interaction were used
as fixed effects. In the cases when there is data only for a single sex (all biochemical
measurements for E exsecta, triglyceride for E pressilabris), only the social organization
is used as fixed effect. The nest was used as random effect. The Benjamini-Hochberg
procedure (BH, 1995) was used to correct the parameter p-values to decrease the
false discovery rate. Tests where the p-value is smaller than the BH critical value are
considered significant. Non-significant results are presented in grey.
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Appendix Figure 1: Left panel: Body mass by species and by sex. All data are visualized as
density plots (violin plots), the mean is visualized with a diamond shape and +- standard deviation with
whiskers. The social organization of each species is highlighted with color: dark green = monodomous,
yellow = polydomous. The data of E exsecta and E pressilabris used for this figure include only the main
populations that have the typical social organization. For within-species variation of these two species,
see Figure 6 in the manuscript. Right panel:The relative average body proportions by species
and by sex. The species are abbreviated as follows: FPRA = F pratensis, FAQ = F. aquilonia, FEX =
Eexsecta, FPRE = E pressilabris, FFU = E fusca, FCI = Ecinerea.
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Appendix Figure 2. Results of the myofibril measurements.
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a) Total myofibril area per TEM image (image area=69.2 pm?2) with all data points, b) size of
individual myofibrils as diameters with mean and standard deviation, c) organization of myofibrils

per TEM image as coefficient of variation, with mean and standard deviation.

All data are visualized as density plots (violin plots), the mean is visualized with a diamond shape.
The social organization of each species is highlighted with color: dark green = monodomous,
yellow = polydomous. The species are abbreviated as follows: FPRA = F pratensis, FAQ = E

aquilonia, FEX = Eexsecta, FPRE = E pressilabris, FFU = E fusca, FCI = Ecinerea.
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Appendix Figure 3. Results of the mitochondria measurements.
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a) Total mitochondria area per TEM image (image area=69.2 um?2) with all data points, b) area of
individual mitochondria with mean and standard deviation, c¢) mitochondrion profile shape, with
mean and standard deviation. 0= round, longer shapes, especially > 0.5 indicate fused and tubular,

strong mitochondria.

All data are visualized as density plots (violin plots), the mean is visualized with a diamond shape.
The social organization of each species is highlighted with color: dark green = monodomous,
yellow = polydomous. The species are abbreviated as follows: FPRA = E pratensis, FAQ = E

aquilonia, FEX = FEexsecta, FPRE = E pressilabris, FFU = F fusca, FCI = Fcinerea.
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Appendix Figure 4. Examples of mitochondria structures that get values for degradation:
a) slightly loose cristae structures unlike the usually denser cristae in our specimens — this is not

true degradation but gives low values with our thresholding, b&c) empty area within mitochondria
membranes, d&e) empty area filled with glycogen inside mitochondria membranes, f) extremely degraded
mitochondria with broken membranes. Small values of degradation are common in our specimens and
likely normal with no effects for flight ability. High values (>10% of the mitochondria profile area) are

likely related to decrease of muscle function.
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Appendix Figure 5. Mitochondria
degradation for each species

and both sexes. Upper panel shows

the proportion of degraded area per

total area of mitochondria profiles.

Most mitochondria have low values for
degradation (mean= 0.03). The y-axis of
the upper panel is cut at 0.1, and the lower
panel shows the proportion of data left

out from the upper panel: the percentage
of mitochondria having higher than 0.1
proportion of degraded area. Upper panel
data are visualized as kernel density plots,

the mean is visualized with a diamond
shape. K
The social organization of each species

is highlighted with color: dark green =

monodomous, yellow = polydomous. The
species are abbreviated as follows: FPRA 20%
= E pratensis, FAQ = E aquilonia, FEX =
Eexsecta, FPRE = E pressilabris, FFU = E
fusca, FCI = Ecinerea.
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Appendix Figure 6. Correlation coefficients among the microscopical muscle
structure variables. Blue signifies positive correlations, red signifies negative correlations.
X marks statistically non-significant correlations (p>0.01).
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Appendix Figure 7: Correlation coefficients among the morphological and
biochemical variables. Blue signifies positive correlations, red signifies negative correlations.
X marks statistically non-significant correlations (p>0.01).
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Appendix Figure 8: Here you can draw your own figure. The manuscript clearly does
not have enough of them otherwise.

117






Limited dispersal and an unexpected aggression pattern
in a native supercolonial ant

Superkoloniaalisen muurahaisen rajoittunut
levittaytyminen ja odottamaton aggressiivisuuskuvio

Sanja Maria Hakala *, Mats Ittonen *, Perttu Seppi, Heikki Helantera

* contributed equally / jaettu piivastuu

Ecology and Evolution 2020, 00:1-15




CHAPTER IV

TIIVISTELMA

Ymmirtadksemme sosiaalisten ryhmien toimintaa
kuinka

litkkuvat ymparistéssaan ja vuorovaikuttavat toistensa

tarvitsemme  tutkimuksia  siita, yksil6t
kanssa. Muurahaisten superkoloniat ovat esimerkki
adrimmaisestd yhteistyostd: ne voivat koostua tuhansista
toisiinsa yhteydessd olevista pesistd, joiden jdsenet
tekevit yhteistyotd suurten vilimatkojen poikki. Silti
superkoloniaalisten (taiunikoloniaalisten) yhteiskuntien
sisdistd rakennetta on harvoin tutkittu yhtaikaa seka
geneettisesti ettd kayttiytymisanalyyseilla. Téssd tyossa
esittelemme kaljuloviniskan (Formica pressilabris) tiiviin
superkoloniankaltaisen pesarykelmin, joka koostuu yli

1300 pesasta.

Teimme aggressiivisuusanalyysejé ja havaitsimme, ettd
vaikka aggressiota on kaiken kaikkiaan vihin, oletetun
superkolonian sisilld on silti jonkin verran aggressiivista

kiytostd. Sen esiintyminen lisddntyy, mitd kauempaa

120

tutkittavasta pesdstd kohdattu yksilé on, mikd sopii
yhteen populaation geneettisen rakenteen kanssa.
Populaation  sisdlld ldheiset pesit ovat geneettisesti
samankaltaisempia ~ kuin  kaukaisemmat  pesit,
minkd analysoimme kéyttimilldi kymmentd DNA-
mikrosatelliittijaksoa. Havaitsemamme aggressiivisuus
ei silti noudata mitaan selkeaa kuviota, eika alueen
sisalli ole mahdollista rajata erillisia kolonioita
sen perusteella. Geneettinen aineisto nayttaa,
ettd geenivirta on rajoittunutta superkoloniassa.
Tuloksemme osoittavat, ettd Formica-superkolonia ei
valttamatta ole yksi selked yksikko vaan se saattaa my6s
olla. mukautuvampi, aggressiivisten ja ystavallisten
vuorovaikutusten mosaiikki. Téma korostaa pesien
valisten vuorovaikutusten havainnoinnin  tirkeyttd

superkolonioita tutkittaessa.

© SUVI SINISALO
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1 | INTRODUCTION

| Mats Ittonen®??

| Perttu Seppi™? | Heikki Helanters!24

Abstract

Understanding how social groups function requires studies on how individuals move
across the landscape and interact with each other. Ant supercolonies are extreme
cooperative units that may consist of thousands of interconnected nests, and their
individuals cooperate over large spatial scales. However, the inner structure of sug-
gested supercolonial (or unicolonial) societies has rarely been extensively studied
using both genetic and behavioral analyses. We describe a dense supercolony-like
aggregation of more than 1,300 nests of the ant Formica (Coptoformica) pressilabris.
We performed aggression assays and found that, while aggression levels were gener-
ally low, there was some aggression within the assumed supercolony. The occurrence
of aggression increased with distance from the focal nest, in accordance with the
genetically viscous population structure we observe by using 10 DNA microsatel-
lite markers. However, the aggressive interactions do not follow any clear pattern
that would allow specifying colony borders within the area. The genetic data indicate
limited gene flow within and away from the supercolony. Our results show that a
Formica supercolony is not necessarily a single unit but can be a more fluid mosaic of
aggressive and amicable interactions instead, highlighting the need to study internest

interactions in detail when describing supercolonies.

KEYWORDS

aggression assay, dispersal, Hymenoptera, nestmate recognition, polydomy, polygyny

compete with each other locally. The balance between kin-selected
cooperation and harmful competition with relatives is delicate, and

Cooperation in social groups can be favored when interacting indi-
viduals are related, or otherwise share alleles for cooperative be-
havior (Hamilton, 1964a; 1964b). Indeed, highly cooperative groups
across all domains of life are usually family groups, where relatedness
among group members is high (Bourke, 2011). However, the bene-
fits of cooperation may be canceled out if relatives simultaneously

Hakala and Ittonen contributed equally to the article.

especially the roles of spatial patterns and dispersal have received
considerable attention (e.g., Kimmerli, Gardner, West, & Griffin,
2009; Platt & Bever, 2009; Queller, 1992; Taylor, 1992; West, Pen,
& Griffin, 2002). However, the spatial scales of cooperation and
competition remain understudied in natural populations. They can
be especially difficult to interpret in genetically viscous populations,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
© 2020 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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where limited dispersal leads to relatives aggregating together, lead-
ing to both increased kin competition and more possibilities for coop-
eration among relatives (Queller, 1992; Taylor, 1992). Understanding
the relevant spatial scales of cooperation and competition requires
knowledge on how individuals move across landscapes and interact
with each other.

Ants are a good example of obligate eusociality, where a repro-
ductive caste depends on help from a sterile worker caste (Crespi &
Yanega, 1995). In several ant species, colony structures have grown
beyond the ancestral simple family unit, from which eusociality
originally evolved (Boomsma, 2009). In many ant taxa, dispersal is
limited, and new nests are formed by budding from a parent nest,
instead of long-range dispersal by flying sexual offspring (Cronin,
Molet, Doums, Monnin, & Peeters, 2013). In some of these taxa, this
leads to the formation of polydomous colonies where several nests
are interconnected and work together as a single colony (Debout,
Schatz, Elias, & McKey, 2007). Further, polydomy is often associated
with polygyny (multiple reproducing queens per colony) and the col-
onies can grow extremely large and have extremely high numbers of
queens. This leads to colony members being unrelated at the local
scale (Boomsma, Huszar, & Pedersen, 2014; Helanterd, Strassmann,
Carrillo, & Queller, 2009), which challenges traditional definitions of
colonies as kin-selected cooperative units. Very large polydomous
and polygynous colonies are often called supercolonies (Helanterad
et al., 2009). In a supercolony, the cooperative colony spans larger
spatial scales than a single individual can cross (Helanters et al.,
2009; Pedersen, Krieger, Vogel, Giraud, & Keller, 2006), but indi-
viduals still recognize and treat each other as members of the same
colony when brought together (Moffett, 2012). As an extreme ex-
ample, a genetically homogenous single colony of the Argentine ant
Linepithema humile has spread over the whole globe, but individuals
living on different continents still behaved as one colony in behav-
ioral experiments (Brandt, Wilgenburg, & Tsutsui, 2009; Holway,
Suarez, & Case, 1998; van Wilgenburg, Torres, & Tsutsui, 2010).

Although the existence of supercolonies is something of an evo-
lutionary paradox due to low relatedness within these cooperative
units (Giraud, Pedersen, & Keller, 2002), they are ecologically very
dominant (Human & Gordon, 1996). This has led to many superco-
lonial ant species becoming harmful invasive pests (GISD, 2019),
the best-studied example being the above-mentioned Argentine
ant (Giraud et al., 2002; Tsutsui & Case, 2001). It forms massive
supercolonies, especially in its invasive ranges, where it has been
able to spread without much competition (Tsutsui & Suarez, 2003;
Wetterer, Wild, Suarez, Roura-Pscual, & Espadaler, 2009), and
smaller supercolonies in its native ranges (Pedersen et al., 2006;
Vogel, Pedersen, D'Ettorre, Lehmann, & Keller, 2009). Similarly,
polygynous and polydomous colonies of the fire ant (Solenopsis in-
victa) reach very large sizes and densities, and are ecologically dom-
inant in their invasive range (Ascunce et al., 2011; Ross, Vargo, &
Keller, 1996). Supercoloniality has evolved independently in several
other taxa across the ant phylogeny, some of which are not invasive
(Helanter3 et al., 2009). Studying the spatial scale and inner social
organization of supercolonial societies in all of these taxa would give
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a fuller understanding of the evolution and maintenance of such high
levels of cooperation (Robinson, 2014).

The ability of ant individuals to distinguish between group mem-
bers and outsiders makes it possible to define the borders of super-
colonies (Moffett, 2012). Individuals recognize their colonymates using
olfactory cues such as cuticular hydrocarbons that can be both genet-
ically determined and acquired from the environment and food (Ginzel
& Blomaquist, 2016; Howard, 1993; Vander Meer & Morel, 1998). As
ants usually behave aggressively toward intruders, aggression assays
are commonly used to study nest- and colonymate recognition, and
provide a simple way to infer colony boundaries, and thus also spatial
scales of potential cooperation (Roulston, Buczkowski, & Silverman,
2003). Even the largest supercolonies lack internest aggression within
the colony, while they do behave aggressively toward other conspe-
cific (super)colonies (Giraud et al., 2002; Holway et al., 1998; Thomas,
Payne-Makris3, Suarez, Tsutsui, & Holway, 2007; Tsutsui, Suarez,
Holway, & Case, 2000). However, not all supercolonies and superco-
lonial species reported in the literature have been rigorously tested for
internest aggression or resource sharing (Hoffmann, 2014), but instead
some of them have been described as supercolonial based only on ge-
netic data and the spatial organization of nests (Helanter3 et al., 2009).

Formica ants offer excellent possibilities for studying spatial scales
of cooperation and the evolution of social organization, as this genus
has large variation in social organization, from simple family units all
the way to very large supercolonies (Ellis & Robinson, 2014; Helantera
et al., 2009; Rosengren & Pamilo, 1983; Rosengren, Sundstrom, &
Fortelius, 1993). The largest reported example is a 45,000 nest super-
colony of Formica yessensis (Higashi & Yamauchi, 1979), while super-
colonies in other Formica species range from tens to a few thousands
of nests (Marko, Czekes, Eros, Csata, & Szasz-Len, 2012). In some
cases, populations of the same species vary in their social structure,
and, for example, in Formica exsecta, it seems that polygynous, poly-
domous, and supercolonial populations can arise from monogynous
background populations (Seppé, Gyllenstrand, Corander, & Pamilo,
2004). Formica populations tend to be genetically viscous; that is, spa-
tially close nests are more closely related than spatially distant ones,
which is especially true in polygynous species and populations where
young queens are often philopatric (Chapuisat, Goudet, & Keller,
1997; Rosengren et al., 1993; Sundstrom, Seppa, & Pamilo, 2005).
While patterns of genetic variation in supercolonial Formica ants have
been studied in detail before (Chapuisat et al., 1997; Elias, Rosengren,
& Sundstrom, 2005; Holzer, Keller, & Chapuisat, 2009; Seppa
etal., 2004; Sepp4, Johansson, Gyllenstrand, Palsson, & Pamilo, 2012;
Sundstrém et al., 2005), these studies have rarely combined genetic
data with behavioral experiments to assess the scale of cooperation,
or potential for it. Recognition behavior and internest aggression has
been tested in some species (Chapuisat, Bernasconi, Hoehn, & Reuter,
2005; Holzer, Chapuisat, Kremer, Finet, & Keller, 2006; Kidokoro-
Kobayashi et al., 2012; Martin, Helanter3, Kiss, Lee, & Drijfhout, 2009;
Pohl, Ziemen, & Witte, 2018), but overall the behavioral structure of
highly polydomous Formica colonies remains understudied.

We investigate the nature and spatial scale of supercoloniality

in the highly polydomous ant Formica pressilabris using behavioral
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assays and DNA microsatellite data. We test the hypothesis that
behavioral colony borders correspond to the spatial and genetic
structuring of a large nest aggregation, which is an underlying as-
sumption of many previous studies. Based on this hypothesis, we
expect nests at a densely populated F. pressilabris site to either be-
long to one supercolony without internest aggression, or possible
internest aggression to occur between spatially or genetically dis-
tinct supercolonies competing with each other. We use genetic data
to infer dispersal patterns within and outside of this supercolonial
nest aggregation. As supercoloniality has previously been linked to
limited dispersal, our hypothesis is that the dense nest aggregation
is genetically somewhat separated from three other closely located
study sites, and competition thus largely local. Additionally, we ex-
pect the philopatry of daughter queens to lead to genetic viscosity
within our supercolonial site.

2 | MATERIAL AND METHODS
2.1 | Study species and sites

Formica (Coptoformica) pressilabris (Figure 1) is a mound-building ant
that lives on meadows and banks, builds nests of grass, and tends
aphids for its main energy supply (Schultz & Seifert, 2007; Seifert,
2000) It founds new nests via temporary social parasitism with other
Formica (Serviformica) species as its host, or via budding from a parent
nest (Czechowski, 1975; Kutter, 1969). While monogynous colonies
have been reported, secondary polygyny, where daughter queens
stay in their natal nests, is common. A single nest can have hun-
dreds of queens and grow up to over one meter in diameter, which
is exceptionally large for such a small Formica species (Collingwood,
1979; Czechowski, 1975; Pamilo & Rosengren, 1984; Rosengren
etal., 1993; Seifert, 2000). Colonies are also commonly polydomous
with several interconnected nests and no aggression between nests
(Collingwood, 1979; Czechowski, 1975; Seifert, 2000). Nest turno-
ver is high in polydomous colonies; that is, new satellite nests are

built regularly while old ones are abandoned (Bonsel, 2007).

FIGURE 1 The study species, Formica pressilabris

—WiLEY-2

We sampled a F. pressilabris population in Southern Finland

in 2016. The sampled area consists of one 9-ha abandoned field
(Sarkkilen) with a large continuous nest aggregation (hereafter re-
ferred to as the supercolony site), and three closely located smaller
sites with smaller nest aggregations (Storgard, Lillgard, Storsand;
Figure 2). The three largest sites are former cropland, set aside for
years or decades and now vegetated mainly by tall grass as well as
some bushes and young trees. The smallest site is an edge area be-
tween cropland and forest. To assess whether the colonization po-
tential of the area was fully used, we also extensively, although not
exhaustively, searched for nests in other suitable habitats inside a
1 km radius from the supercolony site, but did not find additional col-
onies. Relatedness among worker nestmates estimated in a part of
the supercolony site (r = .21 + .02, determined with DNA microsat-
ellites, Schultner, Gardner, Karhunen, & Helanterd, 2014) indicates
polygyny and/or polydomy, that is, movement of individuals among
nests. In our sampling, we counted nest mounds separated by more
than 20 cm as separate nests. For our behavioral experiments and
genetic analysis, we identified four spatially distinct parts of the su-
percolony site, with a clear gap between parts Il and Il (Figure 2)
and less clear gaps between the parts | and Il, and lIl and IV, mak-
ing the latter two divisions somewhat arbitrary (Figure 2). We cal-
culated nest densities first for the whole supercolony site and then
separately for each of the four parts on it, as well as for the three
smaller sites, using QGIS 3.4.1 (QGIS Development Team, 2018). For
the whole supercolony site, we used the complete open area of the
field for the calculation, whereas for its four parts and the three sep-
arate fields we used the areas of the polygons obtained by drawing
straight lines between the outermost nests belonging to the respec-
tive areas. The age of the study population is not known, but the
supercolony site has not been cultivated since the 1970s (landowner
P. Forsbom, personal communication). Thus, the F. pressilabris popu-
lation may have occupied the site for up to five decades.

2.2 | Behavioral assays

We performed behavioral assays in order to determine whether
workers from the supercolony site behave differently toward their
nestmates, conspecifics from other close and distant nests at the
same site, conspecifics from other sites, and allospecific ants. These
treatments are hereafter referred to as control, neighbor, distant,
outside, and allospecific, respectively. We expected no aggression
within the supercolony site, and that if any aggression were ob-
served, it would occur across the nest-free gap in the middle of the
site (Figure 2), as the gap may form a barrier between two separate
supercolonies. We expected more aggression toward individuals
from other sites than toward individuals from within the supercolony
site. The closely related species F. exsecta should always be faced
with aggression, as F. pressilabris has previously been shown to be-
have very aggressively against it (Czechowski, 1971).

We collected workers from 16 F. pressilabris nests at the supercol-
ony site, covering all four parts (Figure 2). Additionally, we collected F.
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FIGURE 2 (a) The study area. The
sampled subpopulations are indicated
with letters. A: The supercolony field
Sarkkilen; B-D: The smaller fields,
Storsand, Lillgard, and Storgard,
respectively. (b) Locations of the nests on
the supercolony field (circles). The nests
used for genotyping are marked with
filled circles, and the nests used for the
behavioral experiments with red symbols.
The red squares, diamonds, triangles,

and circles represent parts I, I, lll, and IV,
respectively (see text). There are relatively
large nest-free gaps between the parts

100 m °

(70 m between Il and I1I; 31 m between
11l and 1V), except for parts | and Il, which
are separated by a narrower (18 m) area
dominated by several Formica exsecta
nests. Dashed lines mark the borders
between the parts. The red circles in
part IV have been slightly moved apart
in order to show them all. Aerial image
from National Land Survey of Finland
NLS Orthophotos database 04/2019 (CC
BY-SA 4.0)

pressilabris workers from four nests at one of the smaller study sites,
and one nest at another location approximately 30 km SW of the
study population (Tvarminne). We also sampled two F. exsecta nests
from the main study area and one from Tvdarminne. We collected
2-5 L of nest material and a minimum of 300 workers from each nest
on June 29 and 30. In the laboratory, we immediately divided all 16
focal nests from the supercolony site into two boxes to control for
the possibility that physical separation in the laboratory causes ag-
gression in the assays. We reared the laboratory nests in room tem-
perature for three to eight days, kept them moist, and fed them daily
with a Bhatkar-Whitcomb diet (Bhatkar & Whitcomb, 1970).

We tested the reaction of workers from each of the 16 super-
colony site nests against control, neighbor, distant, outside, and
allospecific individuals (Figure 3). We replicated each of the five
treatments five times per nest with new arenas and new individuals,
except for the allospecific tests. The latter we performed in the same
arenas with the same individuals as the same-nest control treat-
ments, as there never was any aggression in the control treatments.
Our preliminary experiments showed that F. pressilabris workers
act passively in standard one-on-one aggression assays on neutral
arenas, usually showing no interest toward each other. Therefore,
we used experimental arenas (6.5-cm-diameter fluon-coated, newly
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purchased plastic cups) with 15 workers on their own nest mate-
rial, simulating natural conditions with nestmates and familiar odors
present. In an assay like this, the observed behavior is expected to
correlate with the natural nest defense behavior, revealing whether
the workers would allow visitors to enter their nest or not, as
even submissive ant species defend their nests against intruders
(Savolainen & Vepsildinen, 1988; Vepsildinen & Pisarski, 1982). If
an assay this sensitive does not show aggression, this can be inter-
preted as very strong potential for cooperation: When ants are will-
ing to share their nest, they probably cooperate in other ways, too.
After letting the 15 focal ants calm down (when they had stopped
running around and did not show signs of alert, such as opening
their mandibles), we introduced one worker from another labora-
tory nest box. We recorded the actions of the ants for one minute
from the introduction, using a Canon EOS 550D DSLR camera with a
Canon EF 100 mm f/2,8 macro lens. The distance between the ants
and the lens was 48.5 cm. Ants did not react toward the camera. We
performed the behavioral assays on July 3-7, 2016.

One of the authors (M) watched and transcribed the videos
in a randomized order at half speed and blindly regarding which
nests and which treatments were represented in each video. The
durations of antennation, trophallaxis, and biting events against
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FIGURE 3 The design of the behavioral experiment. In each
assay, we tested the reactions of 15 ants from a focal nest toward
one ant from another laboratory nest box. We collected ants

and nest material into laboratory nest boxes (black arrows) and
put 15 workers from a focal nest into each of five experimental
arenas (gray arrows). Then, we introduced one worker from
another laboratory nest into the arenas (dashed arrows). For

each focal nest, we replicated this procedure five times with new
ants and arenas. Control = introduced ant from the same nest,
Neighbor = introduced ant from the same part of the supercolony
field, Distant = introduced ant from a different part from the
supercolony field, Outside = introduced ant from another field,
Allospecific = introduced ant of a different species, F. exsecta

the one introduced worker were recorded using the software
JWatcher 1.0. We could not reliably score behavior frequencies
or minor signs of aggression such as mandible opening due to the
large number of individuals on the arena and the small size of the
ants. The scoring was hierarchical in the sense that when even one
of the fifteen focal individuals was aggressive, we did not score
nonaggressive behavior at the same time, because aggression-re-
lated pheromones could affect the behavior of other individuals.
In our analyses, we combined trophallaxis and antennation as non-
aggressive inspecting behavior, because the two were sometimes
hard to separate from each other and both have been shown to
increase when individuals recognize the opponent as a non-nest-
mate in polydomous Formica paralugubris (Chapuisat et al., 2005;
Holzer et al., 2006). Seven out of the 400 videos could not be an-
alyzed due to damaged files.

2.3 | Statistical analysis of behavioral data

We analyzed the presence and absence of aggression explained by the
different treatment classes with a binomial generalized linear mixed
model (GLMM). In all of our models, we included both the nest of the
focal workers and the nest of the introduced worker as random effects
to account for the nonindependence of samples coming from the same
nest. We excluded the “control” treatment as no aggression occurred

in the within-nest controls. We used a beta GLMM to analyze the du-
ration of aggression among the treatment classes where it occurred.
For the videos where no aggression occurred, we also used a beta
GLMM to analyze the duration of nonaggressive inspecting behavior
(antennation and trophallaxis combined). For this analysis, we excluded
the treatment level “allospecific” due to low sample size (n = 3), and
substituted five samples with a value of O (= no inspecting behavior)
with a value of 1 (= a millisecond of inspecting behavior) to allow the
use of the beta distribution, which cannot contain zeros. For the beta
GLMM'’s, we measured the duration of aggression or inspecting be-
havior as the proportion of the total time that the introduced ant was
in sight.

We further tested whether the geographical distance between
two separate nests explains the presence or duration of aggression,
or the duration of nonaggressive inspecting behaviors. We analyzed
a subset of our behavioral data within the supercolony site (treatment
levels “neighbor” and “distant”), using a binomial GLMM for the pres-
ence of aggression and beta GLMM for the duration of aggression and
inspecting behavior. Geographical and genetic distances are collinear
in our data (see below), and the effect of these two variables cannot
be fully separated in our results. Therefore, we used only geographi-
cal distance as an explanatory variable in our analysis. As we did the
genetic analysis only for a single individual per nest, using genetic
distance would be more problematic in connection to the nest-level
behavioral data. Additionally, conspecific aggression in ants cor-
relates mostly with chemical distance (Martin, Vitikainen, Drijfhout,
& Jackson, 2012) which may have both genetic and environmental
components (Ginzel & Blomquist, 2016; Vander Meer & Morel, 1998).
Thus, as geographical distance contains information of both genetic
and environmental factors, we deemed it more biologically relevant
than genetic distance. We analyzed the behavioral data in R (R Core
Team, 2013) with the package glmmTMB (Bolker et al., 2009).

2.4 | DNA microsatellite genotyping and
population genetics

To estimate gene flow among and within the four sites, we genotyped
a single worker from 285 different nests, including 233 nests from
the supercolony site (Figure 2) and all nests from the three smaller
study sites. We extracted the DNA using NucleoSpin Tissue extrac-
tion kits (Macherey-Nagel) and genotyped the samples with 14 DNA
microsatellite markers originally developed for other Formica species
(Chapuisat, 1996; Gyllenstrand, Gertsch, & Pamilo, 2002; Hasegawa
& Imai, 2004; Trontti, Tay, & Sundstrém, 2003) using the protocol
designed by Hakala et al. (2018). We scored the DNA microsatellite
alleles with the software GeneMapper 5 (Applied Biosystems).

We analyzed linkage disequilibrium and Hardy-Weinberg equi-
librium using GenePop on the Web (Raymond & Rousset, 1995;
Rousset, 2008) and calculated allelic richness values using the
PopGenReport 3.0.0 package (Adamack & Gruber, 2014) in R. We
calculated allele frequencies, linear genetic distances between
nests, and heterozygosity values using GenAIEx 6.502 (Peakall
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& Smouse, 2012). We calculated Fg; values among all sampled
sites, and among the four parts within the supercolony field using
AMOVA's in GenAlEx 6.502 (Peakall & Smouse, 2012). To test for ge-
netic viscosity, we performed Mantel tests using the package ecodist
2.0.1 (Goslee & Urban, 2007) in R.

We analyzed the genetic structure of the population with
a Bayesian approach using the software STRUCTURE 2.3.4
(Pritchard, Stephens, & Donnelly, 2000), which clusters individual
genotypes by the probability of similarity. To determine the most
likely number of clusters (K), the analysis was run with K ranging
from 1 to 7, using the admixture model and correlated allele fre-
quencies. For each K value, we ran the analysis ten times with a
burn-in of 100,000 steps for a run length of 300,000 steps. We
estimated the most likely number of clusters by applying the delta
K method with plotting the mean and standard deviation of the
mean likelihood L(K) for each run in STRUCTURE HARVESTER
(Earl & vonHoldt, 2012; Evanno, Regnaut, & Goudet, 2005). As the
mathematical model used by STRUCTURE is not ideal with unbal-
anced sampling and groups with low sample sizes or patterns of
isolation by distance (Kalinowski, 2011; Puechmaille, 2016), we re-
peated the genetic mixture analysis with a similar software, BAPS
6.0 (Corander & Marttinen, 2006; Corander, Siren, & Arjas, 2008;
Corander, Waldmann, & Sillanp33, 2003). BAPS was allowed to
find the most probable number of clusters with repeated runs (10
times K1-K7). As BAPS was unable to find any stable clustering
without a spatial prior, we repeated the analysis as a spatial analy-
sis with geographical coordinates. Subsequently, we performed an
admixture analysis with the results of the spatial analysis.

3 | RESULTS
3.1 | Mapping of the study area

The supercolony site had more than 1,300 nests, and the nest densi-
ties ranged from 254 to 401 nests/ha in the different parts of the
site. The three smaller sites had 7, 16, and 29 nests, and the nest
densities were 426, 25, and 25 nests/ha, respectively (Figure 2,
Table A1). We could not directly observe worker movement be-
tween nests, because F. pressilabris workers walk mostly on the
ground surface under the grass cover or on grass stems, forming no
visible paths between the nests. All parts of the supercolony site
had many dense aggregations with nests situated very closely to-
gether. Often these aggregations had one or two large main nests
and a few smaller ones. The distances between nest aggregations
were often short, and the field is overall almost uniformly occupied
by the species.

3.2 | Behavioral assays

There was no aggression in the same-nest controls, while the al-
lospecific treatment with F. exsecta had aggression in 72 out of 75
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FIGURE 4 Presence and absence of aggression by treatment
with model predictions for the four treatment classes that we
included in the analysis (binomial GLMM). The control treatment,
which had no aggression, was excluded from the model. Among
those treatment classes that were included, all other pairwise
differences were significant, except the difference between
distant and outside. Control = introduced ant from the same nest,
Neighbor = introduced ant from the same part of the supercolony
field, Distant = introduced ant from a different part from the
supercolony field, Outside = introduced ant from another field,
Allospecific = introduced ant of a different species, F. exsecta

assays (Figure 4). In the neighbor, distant, and outside treatments,
there was clearly more aggression than in the completely nonag-
gressive control treatments. Aggression occurred significantly more
often in the allospecific than in any other treatment (compared to
Neighbor: Z = 6.71, SE = 0.73, p < .001; Distant: Z = 5.64, SE = 0.71,
p < .001; Outside: Z = 5.08, SE = 0.72, p < .001). The workers were
also more often aggressive toward conspecific ants from distant
nests than those from neighbor nests (Z = 2.23, SE = 0.40, p = .026).
However, there was no significant difference between the aggres-
sion faced by ants from distant and outside nests (full test statistics
in Table A2). The behavioral patterns were not consistent among the
five replicates; instead, there were aggressive and nonaggressive in-
teractions among and within all parts of the supercolony site. There
were plenty of nonaggressive replicates also between distant nest
pairs (Figure 5).

In the assays where aggression occurred, its duration did not
significantly differ among the treatments, except in one of the pair-
wise comparisons, where the effect size remained small (Figure 6).
However, the allospecific treatment always had long aggression
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FIGURE 5 The number of replicates
(out of five) with aggression for each
nest pair within the supercolony site.

The nests used in the aggression assays
are shown as red triangles, and other
nests as gray circles. The colored arrows
show the number of aggressive replicates
(see legend), and arrowheads show the
direction of aggression, pointing toward
the nest of the introduced ant
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FIGURE 6 Duration of aggression (when present) by
treatment as proportion of the total observation time. All data
points, density plot, and median and quartile plot (box plot)
shown. Only the difference between “outside” and “allospecific”
is statistically significant (beta GLMM: X = 2.43, SE = 0.23,

p =.015). Control = introduced ant from the same nest,

Neighbor = introduced ant from the same part of the supercolony
field, Distant = introduced ant from a different part from the
supercolony field, Outside = introduced ant from another field,
Allospecific = introduced ant of a different species, F. exsecta

durations (>25% of the assay time), whereas all within-species treat-
ments also included shorter durations (<25% of the assay time). In the
assays without aggression, significantly less inspecting behavior was
targeted toward the control than any of the other treatments (com-
pared to Neighbor: Z = 5.45, SE = 0.19, p < .001; Distant: Z = 5.07,
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SE=0.20, p <.001; Outside: Z = 3.74, SE = 0.34, p < .001), while none
of the other treatments differed from each other (Figure 7, Table A2).

Within the supercolony site, the occurrence of aggression be-
tween two nests increased with geographical distance (Figure 8a, bi-
nomial GLMM, z = 2.85, SE = 1.20, p = .004), but its duration did not
change with distance (Figure 8b, beta GLMM z = -0.334, SE = 0.94,
p = .74). The duration of inspecting behavior between nests within
the supercolony field did not change with increasing distance (beta
GLMM, z=0.36, SE = 0.66,p = .72).

3.3 | Population genetics

Of the original 14 DNA microsatellite markers, we used 10 for fur-
ther analysis, as four had too much missing data or significant het-
erozygote deficiency at all study sites (details in Tables S1-Sé). The
pairwise F¢; values show that the four parts of the supercolony site
differed genetically from each other and that this differentiation
was on a level similar to the differentiation among the other study
sites (Table 1). Mantel tests showed minor but significant genetic vis-
cosity when analyzing all samples in the study area (R = 0.06, 95%
Cl =0.04, 0.08; p = .038), and also when analyzing only the samples
from the supercolony site (R = 0.1, 95% CI = 0.09, 0.12; p < .001).

In the Bayesian clustering for the study area (Figure 9a,b), the op-
timal number of genetic clusters was two according to STRUCTURE
HARVESTER (AK = 99.9, details in Table S6 (Evanno et al., 2005)) and
three according to BAPS (posterior probability = 0.981). However,
the obtained clusters did not correspond to the different locations,
as both analyses showed some sites to contain a mixture of individ-
uals belonging to different clusters. The results from STRUCTURE
revealed strong genetic admixture among individuals, whereas
BAPS found admixture only in a few individuals. The four sampled
sites seem to belong to a single population with gene flow among
the sites.

4 | DISCUSSION
We found minor genetic viscosity on a small spatial scale, both

within the supercolonial site and in its close surroundings. This in-
dicates limited dispersal within the study area, as expected if new
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FIGURE 7 Duration of inspection behavior (antennation

and trophallaxis) by treatment in the nonaggressive samples as
proportion of the total observation time. All data points, density
plot, and median and quartile plot (box plot) shown. Only the
treatment Control is significantly different from other classes
(beta GLMM, allospecific treatment not included in the model
due to n = 3). Control = introduced ant from the same nest,
Neighbor = introduced ant from the same part of the supercolony
field, Distant = introduced ant from a different part from the
supercolony field, Outside = introduced ant from another field,
Allospecific = introduced ant of a different species, F. exsecta

nests are formed mostly by budding from parent nests. However,
the fact that the different sites are not genetically more differ-
entiated than different parts of the supercolony site indicates
that some dispersal by flight also occurs. Behavioral experiments
within the densely populated supercolony site show a similar
behavioral pattern: The overall aggression level is low, workers
mostly tolerate visitors from other nests in conditions simulating
their own nest environment, and geographically close nests are
better tolerated than nests further away. This suggests potential
for cooperation among adjacent nests, and this potential slightly
decreases the further nests are apart. However, because we ob-
served some aggression within the supercolony site, it does not
seem to consist of a single, distinct supercolony. There might be
a mosaic of multiple supercolonies at the site, but as our data do
not reveal any clear-cut behavioral borders, it is possible that the
different colonies are somewhat connected over the whole spatial
scale.
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4.1 | Gene flow and dispersal

Our population genetic data indicate limited dispersal within the
supercolony site. Even though within-nest relatedness is low, prob-
ably due to polygyny and mixing of individuals among adjacent nests
(Schultner et al., 2014), individuals do not seem to mix effectively
across the entire supercolony site, not even winged sexual individu-
als. Such genetic viscosity at a site less than 1 km across shows that
these ants disperse mostly over very short distances. Local mating
between nestmates or individuals from neighboring nests must be
common, as the population would otherwise not remain even weakly
genetically viscous. F. exsecta, which is closely related and ecologi-
cally similar to F. pressilabris, has similar levels of genetic viscosity
in its supercolonies (Seppi et al., 2012). In Formica paralugubris, a
supercolony was more viscous than the surrounding nonsupercolo-
nial population, which, just as our results, suggests that supercolo-
niality is linked to locally reduced dispersal (Chapuisat et al., 1997).
Importantly, data on gene flow, such as in the above-mentioned
cases, do not provide any information about failed dispersal at-
tempts. Workers in existing nests have a key role in determining
which sexual individuals can establish themselves as reproducers at
the supercolony site. Aggressive behavior toward individuals from
distant nests could make their establishment as reproducers hard,
even if they tried.

On a slightly larger spatial scale, the supercolony site is not ge-
netically distinct from surrounding smaller polydomous colonies.
Instead, pairwise Fg; values among the small sites and among the
different parts of the supercolony site are in the same range. Our
data suggest that longer-range dispersal among different sites is fre-
quent enough to keep population structuring low (Table 1), although
dispersal seems to be limited within the supercolony site. Ongoing
long-range dispersal ensures that the supercolony is not a closed
population, and extends the scale of competition beyond single sites,
which may give some selective advantage to the individuals from the
supercolony on larger spatial scales (Kennedy, Uller, & Helanter3,
2014; Pedersen et al., 2006). This contrasts with previous findings in
F. exsecta, where polydomous colonies were genetically more differ-
ent from surrounding monodomous and monogynous colonies than
these were from each other (Gyllenstrand, Sepp3, & Pamilo, 2005;
Seppa et al., 2004), suggesting that polydomous colonies could form
closed populations without much dispersal outwards.

Unfortunately, with our data we cannot assess whether dis-
persal is sex-biased. Male-biased dispersal is common in polygy-
nous ants (Hakala, Seppé, & Helanter&, 2019) and in Formica overall
(Sundstrém et al., 2005). In socially parasitic Formica species, such
as our study species, queen dispersal is further complicated by the
fact that queens cannot found their nests alone, but have to para-
sitize a nest of their host species or possibly another nest of their
own species (Buschinger, 2009; Czechowski, 1975). Reduced queen
dispersal, or queen dispersal predominantly among existing colo-
nies instead of founding new ones, would impair the colonization
potential even if dispersal abilities were good, as suggested by gene
flow among sites. Indeed, there are plenty of empty potential habitat
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TABLE 1 Pairwise Fq; values between subpopulations from an AMOVA with 999 permutations
Sarkkilen |
Sarkkilen Il
Sarkkilen Il 0.015 Sarkkilen I11
Sarkkilen Il 0.048 0.062 Sarkkilen IV
Sarkkilen IV 0.065 0.074 0.031 Storsand
Storsand 0.041 0.042 0.074 0.102 Lillgard
Lillgard 0.056 0.065 0.061 0.103 0.095
Storgard 0.034 0.037 0.054 0.080 0.039 0.059

Note: The supercolony site (Sarkkilen) is divided into four parts according to Figure 2b. All values are significantly different from zero (p <.001).

FIGURE 9 (a) Bayesian clustering of
all genotyped individuals from the four
study sites (I-1V = the four different parts
of the supercolony site) with the software
STRUCTURE. Samples organized from
west to east. Optimal K = 2 with strong
admixture. (b) Bayesian clustering of

the same data with the software BAPS.
Optimal K = 3 with less admixture

(b)

Sarkkilen
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patches around the supercolony in our study area, which speaks for
limited colonization. Overall, the dispersal strategy of F. pressilabris
seems twofold: Risky long-range dispersal combined with high levels
of queen philopatry and potential to spread locally through short-
range dispersal by foot. Such a dual strategy seems to be the rule in
polygynous and polydomous Formica (Sundstrém et al., 2005) and
exists in other ant taxa too, for example, in Crematogaster pygmaea
(Hamidi et al., 2017).

4.2 | Aggression patterns and potential for
cooperation

Our main study site is, to our knowledge, the largest described
nest aggregation of Formica pressilabris and among the largest
of any species in the Coptoformica subgenus (Czechowski, 1971,
1975; Marké et al., 2012). The nest densities (Table A1) are well in
line with previously reported values for large polydomous systems
of Formica (Marké et al., 2012). While we are not aware of any re-
ported nest densities for monodomous F. pressilabris, Pamilo and
Rosengren (1984) reported clearly lower values (1.16-3.11 nests/
ha) for three monodomous F. exsecta populations. The nest densi-
ties and observed high tolerance for introduced workers make us
confident that the supercolony field is polydomous to a large de-
gree. However, our behavioral assays still suggest that this nest ag-
gregation is not a uniformly cooperative supercolony. Aggression
generally increases with distance, but there are plenty of excep-
tions and no distinguishable colony borders (Figure 5). More de-
tailed data on genetic and chemical similarity of the nests would
be required for dissecting the ultimate reasons and mechanisms
for this pattern. This behavioral pattern resembles a phenom-
enon already suggested possible by Moffett (2010, 2012): a social
equivalent of a ring species, where all individuals that meet each
other in natural settings interact peacefully, and all of the nests
can thus be considered to belong to one colony, but individuals
may act aggressively when experimentally brought together from
distant parts of the range.

In contrast to our data, dense and spatially distinct polydomous
nest aggregations often show a complete lack of aggression, for
example, in both native and introduced argentine ants (Bjérkman-
Chiswell, Wilgenburg, Thomas, Swearer, & Elgar, 2008; Giraud et al.,
2002; Vogel et al., 2009), introduced Myrmica rubra (Chen, O'sullivan,
& Adams, 2018), and native Formica (Chapuisat et al., 2005; Holzer
et al., 2006; Kidokoro-Kobayashi et al., 2012; Pohl et al., 2018).
However, some previous studies have also shown aggression within
large polydomous Formica exsecta colonies (Katzerke, Neumann,
Pirk, Bliss, & Moritz, 2006; Pisarski, 1982). Observations of seasonal
and resource-dependent differences in aggression levels (Katzerke
et al.,, 2006; Mabelis, 1979, 1984; Sorvari & Hakkarainen, 2004),
and seasonal variation in supercolony genetic structure (Elias et al.,
2005; Schultner, Saramiki, & Helanters, 2016), suggest that further
temporal analysis of aggression patterns in supercolonial Formica is

needed.
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In addition to the current study, positive correlations between
aggression and spatial distance have been reported, for example,
within polydomous sites of F. exsecta (Katzerke et al., 2006) and
Myrmica rubra (Furst, Durey, & Nash, 2012; Garnas, Drummond, &
Groden, 2007), although later Chen et al. (2018) did not find such a
correlation in M. rubra. Importantly, Chen et al. (2018) had, through
a previous set of aggression assays, assigned colony borders prior
to testing for this relationship and suggest that the correlations be-
tween geographical distance and aggression found by Garnas et al.
(2007) and Furst et al. (2012) may be attributed to mixing nest pairs
belonging to the same and different colonies in one analysis. Our su-
percolonial site may indeed consist of multiple supercolonies instead
of one, but the lack of clear patterns and the overall low levels of
aggression revealed in our study (Figure 5) lend little support to the
existence of clear and persistent borders at our study site. Finally,
aggression has been shown to increase with internest distance
also in monodomous species (Beye, Neumann, Chapuisat, Pamilo,
& Moritz, 1998) and among distinct colonies or sites (Holzer et al.,
2006; Pirk, Neumann, Moritz, & Pamilo, 2001; Rosengren, Cherix, &
Pamilo, 1986; Zinck, Hora, Chaline, & Jaisson, 2008), making these
kinds of behavioral patterns hard to interpret.

The different behavioral assay methods used in many of the
studies discussed above make direct comparisons of the results
difficult (Roulston et al., 2003). Our method, where 15 individuals
on their own nest material met one introduced ant, is very sensitive
to aggression as it simulates an alien ant suddenly appearing in a
nest, and there are many ants that can react. Based on our pilot
experiments, we consider it likely that F. pressilabris would have
shown even less, if any, aggression in some more commonly used
assay types, such as one-on-one tests on neutral arenas. Even in
the absence of aggression, our results show that workers spend
more time inspecting any non-nestmates than nestmates. Thus,
workers may distinguish between nestmates and more distant indi-
viduals, as is also suggested by increased antennation and trophal-
laxis in F. paralugubris (Chapuisat et al., 2005; Holzer et al., 2006),
and increased antennation in argentine ants (Bjorkman-Chiswell
etal.,, 2008).

While a lack of aggression between nests is commonly inter-
preted as a sign of shared colony identity, it does not necessarily
mean that two nests share resources (Buczkowski, 2012; Giraud
etal., 2002; Heller, Ingram, & Gordon, 2008). In large nest aggrega-
tions, it is relevant to ask what the true spatial scale of cooperation
and competition is (Pedersen, 2012). At our supercolony site, ag-
gression did not always occur even when testing over the nest-free
gap in the middle of the field, showing that workers are willing to
let individuals from relatively far away enter their nests (Figure 5).
Czechowski (1975) found that workers can move at least 20-30 m
between nests in supercolonies of F. pressilabris, but such move-
ments were considerably rarer than movements among nearer
nests. In F. exsecta, workers from polydomous colonies forage
on trees less than ten meters from a central nest (Sorvari, 2009).
Thus, given the width of the gap (~70 m) at our main study site,

worker movements over it should be rare, and we consider true
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cooperation, such as transfer of brood or resources, over this gap
unlikely. If resources are shared over relatively limited distances
also at our study site, the two field halves should be considered
functionally separate colonies, even though they are not clearly
distinct based on either genetic or behavioral data. We agree with
Heller et al. (2008) and Lester and Gruber (2012) in their argu-
ments that functional cooperation and resource sharing is a crucial
component when considering the evolution and maintenance of
supercolonies. To be able to assess true relatedness among coop-
erating individuals, we need to understand which parts of assumed
supercolonies truly cooperate, and whether there are seasonal or
resource-dependent patterns. Without this knowledge, it is not
possible to assess whether competition happens more within or
among assumed supercolonies.

The genetic viscosity corresponds to the behavioral pattern
where workers from nearby nests were allowed to enter the nest ma-
terial more than distant workers. This suggests that limited dispersal
does result in cooperation among relatives in Formica supercolonies.
As our genetic data suggest that competition over reproduction is
not exclusively local, local cooperation even under low but positive
relatedness may help maximizing reproductive success on a larger
spatial scale. The F. pressilabris nest aggregation described in this
study is extremely dense and seemingly supercolonial. However, it
defies usual definitions of ant colonies as single cooperative units
with clear borders. Based on our behavioral data, discrimination in F.
pressilabris is fluid, which begs for further studies on the functional
connectedness of the nests, and the cooperative behavior in more
natural settings in the field. Truly understanding the nature of su-
percoloniality requires more functional studies focusing on resource
sharing and competitive dynamics—in all ant taxa exhibiting this fas-
cinating lifestyle.
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APPENDIX 1

TABLE A1 Number of nests, area, and nest density for the
studied subpopulations as well as separately for the four parts
within the supercolony site

Part Nests Area (ha) nests/ha
Supercolony site 1,343 5.93 226.48
Part | 281 1.11 253.78
Part Il 519 1.29 400.98
Part IIl 519 1.87 277.66
Part IV 24 0.09 275.76
Storsand 16 0.63 25.26
Lillgard 7 0.02 425.81
Storgard 29 117 24.87

Note: The area of the supercolony site is the area of all the open, and
thus potentially habitable, parts of the field. The areas of the individual
parts of the supercolony site and the smaller sites are defined as the
polygon formed by drawing straight lines between the outermost nests.
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TABLE A2 Pairwise comparisons between the factor levels of
the fixed effects included in the models

Response

Pairwise comparisons SE z-Value p

Presence of aggression GLMM (binomial)

Neighbor—Distant 0.401 2.231 .026
Neighbor—Outside 0.432 2.887 .004
Neighbor—Allospecific 0.729 6.709 <.001
Distant—Outside 0.406 0.866 .386
Distant—Allospecific 0.708 5.639 <.001
Outside—Allospecific 0.718 5.075 <.001
Duration of aggression GLMM (beta)

Neighbor—Distant 0.317 -0.290 772
Neighbor—Outside 0.310 -0.713 476
Neighbor—Allospecific 0.299 1.111 267
Distant—Outside 0.261 -0.494 621
Distant—Allospecific 0.238 1.780 .075
Outside—Allospecific 0.227 2.434 .015
Duration of antennation GLMM (beta)

Control—Neighbor 0.195 5.454 <.001
Control—Distant 0.200 5.071 <.001
Control—Outside 0.336 3.737 <.001
Neighbor—Distant 0.210 -0.231 .818
Neighbor—Outside 0.334 0.578 .563
Distant—Outside 0.343 0.703 482

Note: Fixed effect levels: Control = introduced ant from the

same nest, Neighbor = introduced ant from the same part of the
supercolony field, Distant = introduced ant from a different part
from the supercolony field, Outside = introduced ant from another
field, Allospecific = introduced ant of a different species, F. exsecta.
The aggression models do not include the level “Control,” for it had
no aggression. The model for antennation does not include the level
“Allospecific” due to it having aggression in all but three samples and
thus too small a sample size for analyzing the nonaggressive behaviors.
In all of the models, the nest IDs of both the host and the visitor were
included as crossed random effects.
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