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Abstract

Hybridization is a process known to occur in vasiamimal and plaritxa, leading to the combination
of genetic material from previously isolated gem®lp. While hybridization can lead to favourable
outcomes, such as adaptive introgression, recatistguspeciation and hybridization histories is
essential to better understand such outcomes. wth&am Finland, the distributions of the wood ant
specied-ormica polyctena andF. aquilonia overlap and these species interbreed, producatgesand
stable hybrid offspring. Whether these hybrid gapons have a single origin or were formed through
independent hybridization events remained an opmstpn. In this project, we used genome-wide
polymorphism data to study speciation and hybrithrabetweerfF. polyctena andF. aquilonia. We
characterized the genetic diversity and differdintiaof populations of. polyctena andF. aquilonia
sampled across Europe, and hybrid populations Fioand. We modelled the demographic history of
parental species and inferred their relationshigh viiybrid populations using the site frequency
spectrum. To reconstruct the speciation historywbetF. polyctena andF. aquilonia, we considered
alternative models of divergence, with and withgeme flow. Across comparisons with different pairs
of populations, we found that divergence betweessdhspecies started in the Pleistocene, with
continuous asymmetric gene flow frdmagquilonia into F. polyctena. The genomic patterns consistent
with asymmetric migration could not be explainedgeye flow from unsampled species, more closely
related toF. polyctena or F. aquilonia. To reconstruct the hybridization history in Fimia we tested
alternative secondary contact and admixture soemafdur results confirm that the three Finnish
populations studied likely arose due to hybridmatbetweenF. polyctena and F. aquilonia. Our
estimates indicate a higher contribution frénpolyctena into all hybrids (0.55 to 0.65 depending on
the population), and strongly suggest that thegametic lineages in Langholmen, the most extengivel
studied population df. polyctena x F. aquilonia hybrids, share the same origin. It is, howevec)esr
whether this is the case for the remaining hybagyations. This is the first study modelling the
demographic history to elucidate the speciatiorutd group species. This allows us to provide insight
into speciation with gene flow in eusocial haplddig organisms. Our findings concerning admixture
betweenF. polyctena andF. aquilonia expand on the current knowledge on hybridizatiothierufa
group and will be useful to interpret the obserpatterns of variation ifr. polyctena x F. aquilonia
hybrid genomes.
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Resumo

A especiacdo € um processo gque ocorre atravésrdadao de mecanismos de isolamento reprodutivo
que impedem a ocorréncia de fluxo genético eaka divergentes. Quando o isolamento reprodutivo
ainda ndo esta completamente instalado, pode odoitvedacdo caso ocorra contacto ertara
divergentes. Caso os individuos hibridos sejameigae se consigam reproduzir com as espécies
parentais, isso pode levar a introgressao de alielasna espécie para outra. Isto € frequente quando
populagcBes de linhagens relacionadas que se eacamtrisoladas voltam a estar em contacto, por
exemplo, devido a remocédo de barreiras fisicas@oigdo a expansao da area de distribuicdo de uma
ou ambas as espécies. A hibridagéo é um processrgeonsiderado raro, mas que recentemente, com
base em dados genéticos, se mostrou ser comunriestaga de plantas e animais. Ao nivel genémico,

a hibridacé@o resulta na combinagdo de material tigen@roveniente deyene pools previamente
isoladas. A partilha de alelos entre espécies gesempenhar um papel na sua especiagéo, quersatravé
da erosédo das diferencas acumuladas entre elasaradio 0 processo da sua especiacdo, ou através da
introducéo de alelos com valor adaptativo em qualgma das espécies, 0 que pode acelerar a resposta
adaptativa das popula¢cdes, conhecido como intregipeadaptativa. Por outro lado, a combinacdo de
alelos de linhagens distintas pode ter um efeitgatieo na fithess dos hibridos devido a
incompatibilidades genéticas. Devido a possibilkdaé obter dados gendmicos, tornou-se possivel
elucidar qual o papel da hibridacdo na especiagiimgadamente para compreender a interacdo entre
processos neutros (por exemplo, deriva e fluxo tgEy)¢ incompatibilidades e genes envolvidos na
adaptacdo. Enquanto que uma situacdo em que Miéodeesulta em introgressdo adaptativa é
claramente benéfica para as espécies, é aindadifiectar com precisdo os genes e regiées geaémic
envolvidas. Um dos passos fundamentais para ietarppadroes gendmicos é a reconstru¢cdo das
histérias evolutivas de especia¢éo e hibridacae espécies.

No Sul da Finlandia, as distribuicbes de duas @éap@roximas de formigas eusociais haplodipléides,
Formica polyctena e F. aquilonia, sobrepdem-se, pelo que estas espécies tém difidade de se
encontrarem e produzir descendéncia hibrida negida. De facto, estas espécies hibridizam nesta
regido e produzem populacdes estaveis de individibs&los vidveis, que sdo estudadas ha mais de
uma década. Apesar de estas populagfes teremegidbagmente caracterizadas com o uso de varios
marcadores moleculares, ha varias questées quauamtem aberto: As diferentes populagdes hibridas
tém uma origem comum ou resultam de multiplos esemdependentes de hibridacdo? As espécies
parentais divergiram ha quanto tempo, e divergitam ou sem fluxo genético?

Neste projeto, usamos dados genomicos obtidoséatidey sequenciagdo de genomas inteiwbel ¢
genome sequencing) para estudar a especiacao e hibridacao Enpayctena eF. aquilonia. Individuos

de ambas as espécies parentais foram amostradtiteeentes pontos das suas distribuicbes na Europa
(F. aquilonia na Escécial-. aquilonia e F. polyctena na Suica e Finlandia), e individuos hibridos foram
amostrados em trés locais no Sul da Finlandia @ulpgdes hibridas, devido a existéncia de duas
linhagens genéticas distintas num dos locais destagem). A partir dos dados gendémicos, foram
genotipados um total de 59 fémeas em aproximadanm286 milhdes de SNPs. Estes dados de
polimorfismo foram utilizados para caracterizaivgesidade e diferenciacdo genética das populacoes.
Um dos objectivos foi reconstruir a histéria denddiga das populacdes destas espécies comparando
diferentes modelos para testar hipoteses sobreeagéicia e hibridacdo, utilizando dados com base
no espectro de frequéncias alélicatefrequency spectrum).

Os resultados indicam que tanto populacdes dasiespparentais como de popula¢des hibridas
possuem relativamente pouca diversidade genéiita, que as estimativas de heterozigotia esperada
sdo menores que 0.19 em todos os casos. As espécigais estdo bastante diferenciadas uma da
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outra, com valores de;F> 0.25 em todos os casos. As populacdes hibrigaisaam ser geneticamente
intermédias entre as suas espécies parentais,eaf@edo menor diferenciagdo genética com a
populacdo dé&. polyctena da Finlandia. No entanto, individuos hibridos s&ds semelhantes entre si
do que a individuos de qualquer uma das espéadientpes. Todas as popula¢des hibridas apresentam
valores deFs negativos entre -0.08 e -0.245, indicando desamsquilibrio de Hardy-Weinberg
consistentes com cruzamentos entre linhagenstdisiputcrossing) recente.

Para estudar a especiacao eRtqaolyctena e F. aquilonia, testAimos modelos demograficos alternativos
que consideraram cenarios com e sem fluxo genétitte as espécies. Com base no SFS observado,
foi possivel calcular a verossimilhanca de cadaelmpéssim como estimar os respectivos parametros
(por exemplo, efectivos populacionais, tempo derdj@ncia, taxas de migracdo). Estes modelos foram
testados com diferentes pares de populacbes enagjg®pulacbes podem estar geograficamente
distantes, como no caso da comparacao entre aggapulld-. polyctena amostrada no Oeste da Suica

e a de-. aquilonia amostrada na Escocia, ou proéximas, como na coggraemtre populagdes de ambas
as espécies amostradas na Suica. Transversalnsedifer&ntes comparacdes, as nossas estimativas
sugerem que a divergéncia erftrgoolyctena e F. aquilonia comecgou no Pleistoceno (entre 517,580 e
743,078 anos atras, dependendo do par de populegdsislerado) e que ocorreu com fluxo genético
assimétrico continuo de aquilonia paraF. polyctena (com cerca de 0.57 a 1.4 migrantes por geracao
a migrarem dé&. aquilonia paraF. polyctena, dependendo do par de populac¢des consideradojoDe

a verificar que este aparente fluxo genético agaitnéndo € devido a introgressdo com outras especi
consideramos modelos com populacbes ndo amostr@fasesultados indicam que os padrbes
gendémicos ndo podem ser explicados por fluxo gemétitre. polyctena ou F. aquilonia com outras
espécies ndo amostradas e geneticamente mais peddmue modelos com fluxo genético diretamente
de F. aquilonia paraF. polyctena explicam melhor os dados de SFS observados. Quastinos os
mesmos modelos com as populagdeB.gelyctena e F. aquilonia amostradas na Finlandia, obtivemos
parametros muito semelhantes, sugerindo a mesrt@idisvolutiva no geral. No entanto, também
encontrdmos uma diferenca importante, dado qupomdacdes da Finlandia as estimativas suportam
fluxo genético bidirecional, com migracdo a ocomaioritariamente dE. aquilonia paraF. polyctena

(1.28 migrantes por geragédo, o que é semelhardbtatn com os restantes pares de populacdes), mas
também com algum fluxo genético Bepolyctena paraF. aquilonia (0.2 migrantes por geragao). Este
fluxo podera acontecer de forma direta atravésudeeato das oportunidades de contacto nesta regido
devido a alteracéo artificial dos habitats destpgeies, ou de forma indirecta via fluxo genéticmee
hibridos e individuos dé. aquilonia.

Para estudar a origem de cada populagéo hibridéogaenostrada no Sul da Finlandia, comparamos
cenarios de contacto secundario, em que a poputagiiderada “hibrida” teria na verdade divergido
mais recentemente de uma ou ambas as popula¢c@gisrseguido por contacto secundario com a
populacdo ou populacdes parentais mais distangtes Eoram comparados com cenarios em que a
populacao hibrida é originada por hibridacéo eRtigolyctena e F. aquilonia. Em todos os casos, 0s
nossos resultados confirmam que hibridacdo entas espécies é a explicacdo mais provavel para a
origem das populacdes hibridas, dado que modeloscomtacto secundario obtiveram valores de
verossimilhanga estatistica mais baixos. As estiamtios nossos modelos indicam que a contribui¢do
genética dé-. polyctena para as populacdes hibridas é superiori dquilonia, variando entre 0.55 e
0.65, dependendo da populagéo hibrida considefadda, os nossos resultados sugerem que as duas
linhagens genéticas distintas que existem em Lamgimp a populacdo hibrida estudada mais
extensivamente, foram muito provavelmente origisapelo mesmo evento de hibridacdo eftre
polyctena e F. aquilonia, partilhando varias geracdes de ancestralidadeitorApesar de 0s Nnossos
resultados indicarem que este cenario de uma offiflerida Unica também € o mais provavel para as
restantes populac¢des hibridas amostradas, as estisndesse modelo ndo apoiam essa hipétese, dado
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que sugerem que o tempo de divergéncia coincidic@n@gente com o tempo de hibridacdo. Estas
estimativas séo, por isso, compativeis com orige@iplas independentes que tenham ocorrido na
mesma época e com contribuicdes semelhantes des amleapécies parentais.

Este projeto é o primeiro em que modelacdo demiogrédi utilizada para estudar a especiacéo entre
espécies do grupafa do génerd-ormica. Assim, as nossas conclusdes quanto a histoeaperiacao
entreF. polyctena e F. aquilonia permitem avancar a compreenséo de especiacaolwamngenético
assimétrico entre espécies de organismos hapladiygi@usociais. Os nossos resultados relativos a
hibridacdo entre estas espécies e a sua descemd@bdda ampliam o conhecimento j& existente
referente a hibridacdo no grupga, e serdo Uteis na interpretacado dos padrbes alokerde variacdo
genética em genomas hibridos emtreolyctena e F. aquilonia.

Palavras-chave:

Especiacéo; Hibridacao; Historia Demografica; FgasFormica
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1. Introduction

Speciation is the process that leads to the eshabéint of reproductive isolating mechanisms that
prevent gene flow between newly emergent taxa (Eeyrd Orr, 2004). This process can take place in
different modes often defined by the spatial contigtalletet al., 2009): sympatric (in which individuals
are physically capable of meeting with fairly hilgaquency), parapatric (in which populations occupy
distinct but contiguous geographic regions; onlymall fraction of individuals from different
populations will meet), or allopatric (in which pdgptions are separated by uninhabited space across
which dispersal is very limited or non-existenthtiUreproductive isolation has completely develbpe
between diverging populations, hybridization antragression are still possible in geographical
contexts that allow individuals to meet. In fagthbhdization is known to occur in nature across ynan
animal and plantaxa. This process leads to the combination of genetterral from divergently-
adapted gene pools by the interbreeding of genigtabiatinct populations (Schwenk, Brede and Streit
2008). Accordingly, hybridization can take placeween populations of the same species (i.e.,
intraspecific hybridization) or between populatiafslifferent species (i.e., interspecific hybrialion).

In addition to being recognized as a driver of ggem, in the so-called hybrid speciation (wheesvn
hybrid populations become isolated from their ptadgoopulations and give rise to a new speciescBaa
and Rieseberg 2007) and in instantaneous speci@tiatiet, 2007), hybridization has also been
proposed as an important component in differenteaad non-allopatric speciation (Abbettal., 2013)

and in the reinforcement of species barriers (Mal@07).

Hybridization between species can allow for theogtession of alleles from one species into themth
therefore playing a role in speciation. This capg®n either by eroding the divergence between epeci
and therefore slowing the speciation process, ointypducing useful alleles for the colonization of
novel habitats, thus enabling local adaptation daat lead to divergence, and eventually speciation.
However, introgression is expected to vary aloregghnome, with limited introgression in genomic
regions with incompatible loci. Furthermore, modganomic patterns of admixture may be a single
snhapshot of complex interactions among divergeptifadions that continuously change through time
and space (Abbotét al., 2013). The demographic history of populationsciisas their times of
divergence, changes in effective size, and leviaene flow between populations) leaves signatures
genome-wide polymorphism patterns. Thus, we cargasemes to reconstruct key past demographic
events, including quantifying historical levelsg#ne flow (Sousa and Hey, 2013; Beichman, Huerta-
Sanchez and Lohmueller, 2018). This allows us rtdesstand how demography shapes genomic
divergence during speciation (Welch and Jiggind420Moreover, the effects and efficiency of naltura
selection are heavily affected by the demograplsitoty of populations, particularly by past effeeti
population sizes, migration rates and times oftg@ousa and Hey, 2013). Thus, knowing the
demographic history of hybrid populations is ingtental to understand hybridization and patterns of
introgression, as well d@s detect regions under selection, either becdesedre involved in adaptation
or due to incompatibilities.

In Southern Finland, the distributions of two waod species of thieormica genusFormica polyctena
andF. aquilonia, overlap and these species coexist. Both spapgelnown to have vastly polygynous
nests, i.e., nests with hundreds of queens (Pa@®®2). These haplodiploid arrhenotokous ants, (i.e.
males are haploid and females are diploid; motimensopolize the production of male offspring by the
asexual production of sons; De La Filia, Bain a4k 2015) can be classified as habitat specialists
and both form large polydomous societies (i.e.peissions of cooperating nests) in coniferous and
mixed forests (Pamilo, 1982). Hybridization betwéledse species has led to the formation of several
hybrid populations, of which the most studied isal@d in Langholmen, Hanko Peninsula. This hybrid
population comprises individuals that are morphiaky intermediate betweel. polyctena andF.
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aquilonia, and was found to contain two distinct hybrid éiges with large-scale intersexual genetic
differences (W lineage is widespread in the poputatand R is rare), with males forming two highly
divergent gene pools (Kulmuni, Seifert and Pamid®10). Using amplified fragment length

polymorphism (AFLP), Single Nucleotide Polymorphi§BNP), microsatellite and allozyme markers,
the two gene pools were found to present broadtigediéferences, indicating that recent gene flow
between them is limited. Several studies have f@ignhtures of contemporary selection in the hygrid

which may depend on temperature (Martin-Roy, Nygdrd., submitted) and differences in ploidy

levels between sexes (Kulmuni and Pamilo, 2014).

Beresfordet al. (2017) further investigated hybridization betwé@emquilonia andF. polyctena across

16 localities in Southern Finland, sampling morantlB00 workers over a period of around nine years.
While previously only a hybrid population with wihoF. polyctena-like mitochondrial haplotypes had
been documented (Kulmuni, Seifert and Pamilo, 201)¥ study identified new populations with
exclusivelyF. aquilonia mitochondrial haplotypes, as well as locations netmothF. polyctena andF.
aquilonia mitochondrial haplotypes were present. A pattéicytonuclear mismatch was also identified
in the hybrids, in which nests with nuclear genowleser to parental-likE. polyctena are more likely

to haveF. aquilonia mitochondrial haplotypes, and vice-versa. Incoidaies between the nuclear
and the organellar genomes may arise from cytoauct@ésmatches in hybrid individuals (Burton,
Pereira and Barreto, 2013), however, in this systeenpossible incompatibilities are likely to beai

as they are not erased from the populations. Tdtteqm of cytonuclear mismatch is unlikely to happe
in a scenario of random mating without selectidme Authors propose two hypotheses as to why this is
observed: (1) females hold a preference for matitiy heterospecific males or (2) they mate randomly
but progeny with heterospecific cytonuclear comtioms are favoured (i.e., have higher fitness) than
those with conspecific combinations. Over halftef tocalities presented signatures of admixture and
different localities were found to exhibit patter§ genetic variation consistent with several
hybridization events or, alternatively, with havibgckcrossed with the parental species to different
extents. Together with the fact that different hgbpopulations across Southern Finland possess
different mitochondrial haplotypes, which in itseliggests multiple admixture events, it is likdigtt
hybridization between these species has been apngoihis area for many generations.

Considering the well-characterized Langholmen paipuh, Ghenet al. (2018) developed a two-locus
mathematical model with hybrid incompatibility, fate heterozygote advantage, recombination
(different levels of recombination were considereda range of 0 to 0.5) and assortative mating,
emulating a scenario where hybridization is simmétausly favoured and selected against. This is what
is observed in the hybrid populations, where iadvantageous for the females to be hybrids, but
detrimental to the males (Kulmuni and Pamilo, 20T4js two-locus model resulted in a rugged fitness
landscape where heterozygote genotypes have arHigiess and incompatible double homozygotes
do not experience this increased fitness. In agee¢mith what was found in the natural population
(Kulmuni, Seifert and Pamilo, 2010; Kulmuni and Ham2014), the model predicts that males have
reduced fitness and survive better if one pardmaplotype is fixed. Females suffer from the same
incompatibility, but this is masked since they digloid (in the case of a recessive incompatibjility
Therefore, diploid females take their maximum grdfom heterozygosity. While this model is
relatively simple and more complex models with mibign two incompatible loci would be better able
to mimic the natural hybrid populations, the aushpredict that the Langholmen population may be
moving towards a scenario that is mediated by frighpuencies of introgressed females. Hence, it may
be approaching a favourable outcome in which tlsamecompromise between male and female interests.
However, in order to understand the maintenancepaymorphisms and the dynamics of the
compromise between males and females, we needriafmm on the demographic history of the
Langholmen population, particularly about key esenich as the levels of past gene flow and the time
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of divergence from the parental species. Recerthanst(e.g., Excoffieet al., 2013) allow us to date
the divergence of populations and quantify pastlewef gene flow from the site frequency spectrum
(SFS), which can be obtained from genome-wide aaddescribe the distribution of allele frequencies
in a sample. This method also allows comparingdfithef the data to alternative models, which can
represent alternative modes of divergence, e.@rgience without gene flow followed by secondary
contactversus divergence with gene flow.

Computing the SFS is an effective approach towsmdsmarizing the within- and between-populations
variation contained in genome-wide data. The SHSkm computed with information of only one
population (1D-SFS) or using data from two or mpoeulations (multidimensional SFS). Excoffetr

al. (2013) developed a coalescent SFS-based compigsiibood method to infer the past demography
of a set of populations from large genomic datadeiplemented in the fastsimcoal2 software. By
approximating the expected SFS from simulationseumtdmplex demographic models, fastsimcoal2
can find the set of parameter estimates that maeithie likelihood of a given model. In recent stgdi
this software has been successfully used to stivdygence between species (e.g., Osweadd., 2017;
Hotalinget al., 2018), as well as hybridization (e.g., FilatowbOrne and Papadopulos, 2016; Cdan
al., 2017; Ruet al., 2018). In essence, fastsimcoal? is sufficiendwerful to disentangle the effects of
similar scenarios where gene flow takes place, siscBpeciation with gene floversus secondary
contact (Filatov, Osborne and Papadopulos, 2016)tarreliably reconstruct complex evolutionary
histories of related species (Oswald@l., 2017).

In this work, we used genome-wide genomic datdudysthe speciation history betweEnpolyctena
andF. aquilonia both 1) outside and 2) within Finland. The goaiignswer the following questions:
Did the species diverge in allopatry or with gelosv? Is there evidence of population size changes i
either species? What is the timing and number ohadgaphic events? What are the estimated
population sizes and timing of divergence? Isdlgeater support for gene flow between the species
in Finland (where distributions overlap) comparedéntral Europe? Is the history of populatiore siz
changes more complex in Finland? Due to genetigrarghological evidence that other species within
the group can hybridize with both our study spegeg., Seifert, Kulmuni and Pamilo, 2010), we also
investigated if 3) there is evidence for gene ffoem an unsampled species to eitReaquilonia or F.
polyctena. To answer these questions, we tested 2-poputatiordels with one population of each
parental species, as well as 2-populations modéls an additional unsampled population that
represented, in turn, a sister species of eadtecfiecies under study in the present work (Gohuzgs

et al., 2012). Having knowledge on relevant parametech @as times of divergence, current and
ancestral effective sizes, and levels of gene fletween the populations will not only elucidatetiom
history between them, but will also provide val@alihsight to interpret summary statistics and
population structure analyses that allow us toattarize present-day populations.

Lastly, we 4) studied the origin of the hybrid ptgiions in Finland. Did they arise from admixture
betweenF. aquilonia andF. polyctena? When was each hybrid population formed (i.e., twhahe
timing of each admixture event leading to the faroraof each hybrid population)? Ultimately, digth
different hybrid populations arise from independéngbridization events or from a single event
(followed by subsequent divergence events and @atan of new geographical locations)? For this,
we tested 3- and 4- population models where waesdueach hybrid population alone with its putative
parental populations (3-population models), or whvee considered pairs of hybrid populations togethe
with their parental populations (4-population majel

This project is the first to employ whole-genomelypmrphism data to study speciation and
hybridization inFormica ants. We found thdt. polyctena andF. aquilonia diverged with asymmetric
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gene flow, with migration occurring predominanthprh F. aquilonia into F. polyctena. Our results
strongly support the long-standing hypothesis tihetybrid populations observed in Southern Finland

result from admixture betwedhn polyctena andF. aquilonia and propose that the W and R lineages in
Langholmen share the same origin.



2. Material and Methods
2.1. Sampling

Sampling was carried out by Jonna Kulmuni, PieroaiNwud and collaborators prior to the beginning
of my thesis. Females of each parental speciessaenpled from several locations across Europe (Fig.
2.1). ForFormica polyctena, sampling was carried out in two locations in Settand and in the Aland
islands, Finland, where three individuals wereemitd in each site. F&t aquilonia, individuals were
collected from Switzerland, Scotland, and Centialdfad. Sample sizes for these populations are also
three individuals. In addition, one more femaleesath species was collected from locations in close
proximity to the hybrid populations in Finland. Qak, 10 females were sampled for each species.
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Figure 2.1 -Map of sampling locations. Each symbol represarsampled individual (some are overlapping). Cirakesused
to represenformica aquilonia individuals and squares represérmica polyctena, while triangles are used for hybrid
individuals.

Individuals from three known hybrid locations weeempled in Southern Finland (Fig. 2.1). Ten hybrid

females were sampled from the Pikkala and Bunlgapiulations, while 10 females were sampled from

each of the Langholmen lineages (R and W). Foptheose of our analyses, we considered the two
lineages in Langholmen as two separate populat@wstall, 40 hybrid females were sampled.

2.2. DNA extraction and sequencing

DNA extraction and sequencing were performed byddewe prior to the start of my thesis. DNA was
extracted from whole-bodies with a SDS (sodium dgbeulfate) protocol. DNA libraries were
constructed using NEBNext DNA Library Prep Kits (iN&ngland Biolabs). Samples were processed
and sequenced at Novogene (Hong Kong) as paredBtbbal Ant Genomics Alliance (Boomsraa

al., 2017) which aims to sequence several hundredyantmes. Whole-genome sequencing was
performed on lllumina Novaseq 6000 (150 base paired-end reads; aiming for 10x average coverage
for diploid females and 5x for haploid males). kirpd-end sequencing, both ends of a DNA fragment
are sequenced. This method enables more accuidealignment and increases indel (a type of
variation where a nucleotide sequence is eithesgmte through an insertion, or absent, through a
deletion; Rodriguez-Murillo & Salem, 2013) deteati@soodwin, McPherson and McCombie, 2016).



Raw lllumina reads and adapter sequences were &imnsing Trimmomatic (v0.38; parameters
LEADING:3, TRAILING:3, MINLEN:36; Bolger, Lohse andsadel, 2014) before mapping against the
reference genome (272 Mbp, 27 pseudo-chromosoneesadcet al., in prep.) using BWA MEM with
default parameters (v0.7.17; Li and Durbin, 20I)plicates were removed using Picard Tools with
default parameters (v2.21 Hitp://broadinstitute.github.io/picayd

2.3. SNP calling and filtering

Single nucleotide polymorphisms (SNPs) and genatypere called with freebayes (v1.3.1; Garrison
and Marth, 2012), disabling population priors (-k).

After calling the SNPs, we obtained a Variant Galimat (VCF) file which underwent comprehensive
filtering. Various steps were taken to establishigh-confidence set of variants, the first of whighs

to remove sites that are at a distance of lesstthatase pairs (bp) from indels. Furthermore, 186 a
removed SNPs that were only supported by ForwaRkoerse reads. Only biallelic SNPs with quality
equal or higher than 30 were kept. In order taaiaffrom removing entire sites when only a sub$et o
individuals had inadequate genotype calls, indigldyenotypes with genotype qualities lower than 30
were coded as missing data. Genotypes with deptowdrage lower than eight were also coded as
missing data. In addition, sites with missing dateoss more than 50% of the 100 individuals in our
sample were removed. To avoid biases due to diffédoems of natural selection, for the demographic
history analysis, we removed the third chromosoaisp known as the social chromosome. This
chromosome harbours genes responsible for polynwmpim social organization iRormica species,
controlling if a colony is headed by one (monogysjoor multiple (polygynous) queens (Brelsfatd
al., 2020). Recombination is rare between monogynadspalygynous versions of this chromosome
(supergene, Brelsforet al., 2020), leading to the maintenance of ancestrinparphisms across
Formica species which could bias our demographic inference

To remove mapping errors that cause sites to shaessive heterozygosity (e.g., sites that are
duplicated in all or some individuals in our sampld not in the reference genome or show excess
coverage due to poorly mapped reads in repetiégmns), we applied a filter based on Hardy-Weigber
Equilibrium (HWE). We pooled all individuals togeth regardless of their population of origin,
purposefully creating excessive homozygosity viahWiad effect (i.e., the apparent excess of
homozygotes and the deficit of heterozygotes oleskedue to the existence of population subdivision;
Garnier-Géré and Chikhi, 2013). This made it pdesib identify and remove sites that were still
excessively heterozygotic across all sampled iddiis.

Lastly, we applied a filter based on individual ecage which enabled us to remove low-confidence
sites due to low coverage, as well as potentiallylidated sites that have very high coverage. tste
of applying the same minimum and maximum coverdgesholds to every individual, we set
individual-specific thresholds based on mean cayekalues. While the lower bound of this intergal i
half the mean coverage of the individual in questibe upper bound corresponds to twice the mean
coverage. For each individual, only sites whoseecage fell inside their interval were kept.

After preliminary analyses, one hybrid female was assigned to the Langholmen R lineage from
which it was collected. Since it could be a reamigrant that would bias results, we removed this
individual from our population structure and denaggry analyses. At the end of filtering, we weré lef
with 2 362 358 sites across all 59 remaining irdineils.



2.4. Data analysis
2.4.1.Population structure

The genomic data was used to characterize the gogmsg by computing summary statistics and
analysing population structure. This was done @teoto confirm the assignment of individuals into
populations and to guide our interpretation ofdbmographic modelling results. All analyses peitgjn

to this matter were carried out with the R SoftwimeStatistical Computing (v3.6.3; R Core Team,
2017).

Population structure was studied by means of twdividual-based methods, Principal Component
Analysis (PCA) and sNMF analysis (Frichet al., 2014), the latter of which estimates ancestry
coefficients of individuals. These analyses wendgomed with custom-made scripts that employ the
SNPRelate (v1.20.1 ; Zhempal., 2012) and LEA packages (v3.0.0; Frichot and Fom@Q015).

Summary statistics, such as observed and expeetedobygosity, inbreeding coefficients,d) and
pairwise fixation indexed=st; computed using the Weir & Cockerham estimatorir\&ied Cockerham,
1984) were calculated using custom-made scriptsiged by Dr. Vitor Sousa and adapted by the
present author. Pairwis&r values were also computed using the SNPRelateagack

2.4.2.Demographic modelling

Several alternative demographic models were dedignéd compared to answer our questions, which
we tested using the site frequency spectrum (S©8) different combinations of populations. We used
fastsimcoal2 (Excoffieet al., 2013), a composite-likelihood method, to tegralative models and infer
demographic parameters (detailed in SupplementabjeTl) from the SFS. Each model was run 100
times, with 80 iterations for likelihood maximizami and 200,000 coalescent simulations to approgimat
the expected SFS. The mutation rate was assuni@&xk0® (an average of mutation rates of various
species from the Hymenoptera order; &ial., 2017).

In Formica, young queens start laying eggs in their firstryed life, however these eggs are likely to
be reared into workers. The average age at whielhgtieens start producing sexuals, and therefore
contributing to the next generation, is two to éhyears. As such, generation time was assumed to be
2.5 years. After obtaining point parameter estisated expected likelihoods for all models (detaied
section 2.4.2.1), tested with all population congars considered (detailed in section 2.4.2.2), the
model with the highest expected likelihood was enogs the best model in each case.

2.4.2.1.Model characteristics

2.4.2.1.1Models to study the speciation history betweeifr. polyctena and F.
aquilonia

To answer our first two questions, “What is the cipgon history betweerfr. aquilonia and F.
polyctena?” and “Is the history of divergence betwdemquilonia andF. polyctena different in Finland
compared to Europe?”, we created four 2-populatiodels (Fig. 2.2) representing plausible modes of
speciation between these two species. To serveptigose, these models compared one population of
F. polyctena to another of. aquilonia (population comparisons are detailed in sectid222).

Ouir first 2-population model is the “Allopatry” met(Fig. 2.2A), which considers that the populagion
remain isolated since their divergence until presere. This model also allows for the populations
change size, either expanding or contracting, haipgeat a time between the divergence of the
populations and the present. Conversely, the “Syryipbanodel (Fig. 2.2B) considers that the



populations are in constant contact since thegrgdignce until present time, meanwhile also conisiger
the possibility of a population resize. The “Isalat after Migration" model (Fig. 2.2C) allows the
populations to exchange migrants after their digrog before a complete barrier (either physical or
reproductive) to gene flow later becomes estalfisisolating the populations until present. In the
“Migration after Isolation " model (Fig.2.2D), tteeis a period of isolation after initial populatio
divergence, followed by removal of the barrier tisatated them, allowing the populations to excleang
genetic material until present. In the “IsolatidteaMigration” and “Migration after Isolation” meadis,

the populations may experience resizes at thewilen the barrier to gene flow is removed.
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Figure 2.2 -Demographic models designed to study the specihtstary betweerormica polyctena andFormica aquilonia.

A “Allopatry”: the populations diverge without coitaB “Sympatry”: the populations diverge with gene flo/“Isolation
after Migration”: after divergence, the populatia&hange migrants until a barrier to gene floestablishedD “Migration
after Isolation”: after divergence without contabie barrier to gene flow disappears and the ptipakare free to exchange
genetic material. Arrows represent migration. Theation of gene flow is indicated by the directiand color of the arrows
(red represents gene flow frdfpolyctena into F. aquilonia; blue represents gene flow frdmaquilonia into F. polyctena).
The different thickness in the lines representhng populations represent changes in effective sihésh can happen either
by contractions or expansions.

2.4.2.1.2Models to test for gene flow from an unsampled, ckely related species

For our third question, “Is there evidence for gow from unsampled species to eitlieraquilonia

or F. palyctena?”, we introduced a “ghost” (i.e., unsampled) pagioh into a model similar to the
“Allopatry” model (Fig. 2.3). Based on previous kvledge, we assumed that if any gene flow between
one or both of our sampled species and a thirshmpled species, were to exist, the unsampled donor
species would most likely be a sister speciesefélaeiver species (which could be any of our sadpl
species).



After diverging, the unsampled species would themdsmigrants to its sister species. Based on the
phylogeny presented in (Goropashnayal., 2012), and under such scenario, these unsampéetes
would beF. rufa, sister ta-. polyctena, orF. lugrubris and/orF. pratensis, both more closely related to

F. aquilonia.

e — — — e e e e | 1€ Of divergence
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polyctena aquilonia
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Figure 2.3 —Models designed to study possible introgressiomfam unsampled species (“ghost”) ifarmica polyctena or
Formica aquilonia. A “((F. polyctena, Ghost population);. aquilonia)”: the “ghost” population represents a sister sgweof
F. polycena, into which it sends migrants ever since their sptitil presentB “((F. aquilonia, Ghost population)F.
polyctena)”: the “ghost” population portrays a sister speaF. aquilonia, into which it sends migrants from the time ofithe
split until present time. Gene flow and changegdpulation size are depicted as in Figure 2.2.

Accordingly, we built two models to study this neatt The “E. polyctena, Ghost population)F.
aquilonia” model (Fig. 2.3A), considers that theaquilonia population first diverges from the ancestral
population off. polyctena and the “ghost” population, followed by the divenge between these two
populations. From this time until present, the “sfipopulation will send migrants into tkepolyctena
population. “f. aquilonia, Ghost Population)};. polyctena” (Fig. 2.3B) instead considers that the
polyctena population is the first to diverge, followed byetdivergence between tire aquilonia and
the “ghost” population, after which the “ghost” pgtion will send migrants into thE. aquilonia
population until present.



2.4.2.1.3Models to study the origins of the hybrid populatias

For our final question, “How did the hybrid poputets originate?”, we designed 3-population and 4-
population models. In the 3-population models, &mthe Finnish parental populations, one from each
species, and the third is a hybrid population. Wsueed the single individuals collected in close
proximity to the hybrid populations in Southern|gimd to be the most adequate representatives of the
parental species out of those sampled in this dileerefore, these solitary samples were used as the
parental populations of the hybrid populations.

These models were tested for each sampled hybpdiation. As secondary contact scenarios can
produce the same patterns of variation and diffexeon as hybrid origin scenarios, we tested medel
where the putative hybrid population has, in tuiverged from each of the parentals, as well as a
trifurcation model where the parental and the ld/populations diverge simultaneously (Fig. 2.4). Al
these scenarios include subsequent secondary taftiaca period of post-divergence isolation. The
hybrid population engages in secondary contaceeithith both parental populations, if the split
between all populations was simultaneous, or viiéhrhore distant parental population, when the three
populations do not split from each other at theestime.

Time of Time of divergence
divergence
Time of divergence
(F. polyctena/hybrid
population)
Time of contact
Time of 3 =
"  contact Time of size
2
change
Formica Hybrid Formica Formica Hybrid Formica
polyctena population aquilonia polyctena population aquilonia
Time of divergence
Time of divergence
N — (F aquilonia/hybrid
population)
Time of contact
- Time of size
change
Formica Hybrid Formica

polyctena population aquilonia

Figure 2.4 —Secondary Contact models designed to study thimarighe hybrid populationg\ “Trifurcation”: all populations
diverge at the same timB. “((Formica polyctena, Hybrid population)F. aquilonia)”: the F. aquilonia parental population
diverges first, predating the divergence betweenhybrid population and thie. polyctena population.C “((F. aquilonia,
Hybrid population)F. polyctena)”: the F. polyctena parental population diverges first, followed by tigergence between
the hybrid population and tHe aquilonia parental population. Gene flow and changes in ol size are depicted as in
Figure 2.2.

The Secondary Contact models (Fig. 2.4) all comdius the hybrid population diverged from one or,
when the split between the three populations islsgmous, both parental populations. There is i@ger
of isolation after all populations have divergednfr each other, after which the hybrid population
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exchanges migrants with both (“Trifurcation” modigg. 2.4A) or the more distantly related parental
species (“F. polyctena, Hybrid), F. aquilonia” and “(F. aquilonia, Hybrid), F. polyctena” models; Fig.
2.4B,C). From the time of the first divergence L start of the secondary contact, migrants amy
move fromF. aquiloniainto F. polyctena. Following the start of secondary contact, migsame allowed

to move in both directions between the parentaufans. In the “Trifurcation” model (Fig. 2.4A),
all three populations undergo a simultaneous giaage at the time that secondary contact startseln
“(F. polyctena, Hybrid), F. aquilonia” and “(F. aquilonia, Hybrid), F. polyctena’” models, the parental
populations undergo an initial size change at itine f the second divergence event, followed by a
simultaneous resize for all three populations past¢o the start of secondary contact.

Our Admixture models (Fig. 2.5) consider that tlybrid population arises from an admixture event
between the parental populations, whereRhgolyctena population provides a genetic inputeointo

the hybrid population, while thE. aquilonia population inputs I As observations of the localities
that are known to harbour hybrid individuals indécthat these populations may have been formed as
recently as 50 years ago, both Admixture modelsiden that the maximum possible time of admixture
is 50 generations. With our assumed generation, tineeadmixture events can only have happened up
to 125 years ago, at most. While “Admixture” (F2gbA) considers that there is no contact between th
three populations after the admixture event, “Adonig with Continuous Migration” (Fig. 2.5B) instead
considers that the hybrid population continuousigh@anges migrants with both parental populations
since its origin until present. Both of these med®nsider that the parental populations undergo tw
size changes, with the first happening betweerithe of their divergence and the time of admixture,
and the second happening at the same time of thixiaunle event.

A B
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size change
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size change
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Time of
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Formica Hybrid Formica Formica Hybrid

polyctena population aquilonia polyctena population

Figure 2.5 —Admixture models designed to study the originhaf hybrid population®A “Admixture”: the hybrid population
originates from an admixture event, after the djeaece of the parental populatior®.“Admixture with Continuous
Migration”: after admixture, the hybrid populatioantinuously exchanges migrants with both pargrapllations. Gene flow
and changes in population size are depicted agjimé=2.2.

By testing the Secondary Contact models againsttimixture models, we can more accurately infer
whether the observed patterns of variation in tyierid individuals are caused by admixture between
parentalF. polyctena andF. aquilonia genomes or if they are mimicked by recent divecgdnom one

or both parental species, followed by secondaryamn

Previous studies (e.g., Beresfatal., 2017) have raised the question of whether thexmeated
populations of. polyctena x F. aquilonia hybrid individuals have a single origin (i.e.tlilere was an
admixture event that gave rise to an ancestralithygmpulation, which then colonized the remaining
geographical locations where these individuals pbgumeans of successive divergence events) or if
each of the hybrid populations has its own indepandarigin (i.e., if there were multiple admixture
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events happening at different points in time wigjakie rise to each hybrid population we sampled)t O
two 4-population models (Fig. 2.6) reflect thesetcasting scenarios and are appropriately named
“Single Origin” and “Independent Origins”. Once agave used the same solitary individuals of the
parental species sampled close to the hybrid ptpotaas representatives of the parental populaition
These models were tested a total of four timeslifif@rent groups of two hybrid populations, detdile

in section 2.4.2.2
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Figure 2.6 —Demographic models designed to study the origithethybrid populations in relation to each other'Single
Origin”: after the divergence between the pargotgiulations, an admixture event originates a hypojgulation that will later
diverge into the remaining hybrid populations ia thodel B “Independent Origins”: after the divergence betwie parental
populations, there are two independent admixtuemvthat lead to the formation of each hybrid pagen in the model.
Gene flow and changes in population size are dsgias in Figure 2.2.

The “Single Origin” model (Fig. 2.6A) considers thposterior to the divergence between the parental
populations, an admixture event gives rise to aestnal hybrid population. Similarl to the Admixgur
models, thd-. polyctena parental population provides a proportioof the genetic material of the hybrid
population, with thd=. aquilonia parental population providing the complementaxy. The ancestral
hybrid population later diverges into two hybridppgations currently in existence, depicted as Hyb1l
and Hyb2. In “Independent Origins” (Fig. 2.6B), imstead consider two independent admixture events
at the origin of Hyb1l and Hyb2. In this model, Hyteteivesn from F. polyctena and 1-a from F.
aquilonia, and Hyb2 receivep from F. polyctena and 1B from F. aquilonia. While the figure depicts
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the incipience of Hyb1 as the first admixture eyéim¢ model does not enforce this, i.e., eithethef
admixture events can be the first to take place.

These models follow the “Admixture” model quite $bty and, as such, also consider two separate size
changes for the parental populations and exclusigeation fromF. aquilonia into F. polyctena from

the time of the divergence of the parental popoifetiuntil the time of admixture. The admixture dsen
cannot have happened more than 50 generations aigheér of these models.

2.4.2.2 SFS characteristics

To perform the demographic analyses detailed alveéduilt SFSs using data from two, three and four
populations (2D-, 3D- and 4D-SFSs, respectivelyy.we could not polarize the SNPs and accurately
infer their ancestral state, all SFSs were buithgighe minor allele frequency (MAF) method, and,ar
therefore, folded SFSs. The MAF method consideas tihe less frequent allele at a particular site
corresponds to the “derived” state of that site.

For all SFSs, we downsampled the data to ensuréhir@ was no missing data. To do this, a minimum
sample size across all sites was determined (q@mneling to the number of individuals to resample
from minus the maximum number of missing data jef).sResampling the data of each individual
according to the minimum sample size enabled teeraly of the SFSs with data for all sites. In all
cases, individuals were resampled in windows of 2KIr'he minimum distance between consecutive
SNPs in a given block was 2 bp. The window sizesehacorresponds to the distance at which we can
expect sites to be considered independent or wdinés ¥ (a measure of LD based on the squared
correlation of alleles at two loci; Hahn, 2018)akes a plateau at this distance. To maximize theeu

of sites that could be kept, we resampled a lowenlrer of individuals than those in the entire sampl
in each window. As the individuals selected todmampled in each window will be the ones with highe
amounts of data in that specific window, they waitit necessarily be the same in all windows. This
means that the SFSs will still contain informatiosm all the individuals in our samples.

All SFSs included the number of monomorphic sifEsis corresponds to number of sites whose
frequency is zero in all populations in a datadet/ing the monomorphic sites information in our SFS
in conjunction with a mutation rate, allows us ¢tals the parameter estimates inferred by the models
and obtain them in absolute terms. We estimatesethembers using the proportion of polymorphic
sites in relation to the total number of callabtessof individuals in a specific dataspt@portion). As

the polymorphic sites of a subset of individualdengoes further modifications while the SFS istbuil
we must estimate how many callable sites we woelkbth with if they were “filtered” in the same way
as the polymorphic sites. As such, we usegbtbportion and the number of sites in a dataset to estimate
the number of “filtered” callable siteBdianieriltered). The number of monomorphic Site@%ngnomorphic)

was then obtained by subtracting the number o§ siteeach SFSn&pPsriltered) from the number of
filtered callable sites:

nmonomorphic = MNcallableFiltered — MNSNPsFiltered (2-1)

Where,

NSNPsFiltered
n i = == fER 2.2
callableFiltered proportion ( )

For the 3D- and 4D-SFSs, we used the proporticaindt from the dataset with tke polyctena and
F. aquilonia individuals sampled in Finland, as they were wsethe parental populations.
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For each 2D-SFS, we considered one population af parental species, from which we resampled
two individuals in each window. As these SFSs wesed to answer our first two questions, related to
the speciation history between the parental spesiesompared populations non-Finnish populations,
both geographically distant and near. Fheolyctena population in West Switzerland was compared
to theF. aquilonia populations in Scotland and in Switzerland. Theth F. aquilonia population
was also compared to the East Switzerlangolyctena population. The Finnish populations, which
encompassed all four individuals of each speciempks in Finland, were compared only to each other.
These SFSs were also used to test the modeletatihe third question, “Is there evidence fanaye
flow from an unsampled species to eitReaquilonia or F. polyctena?”

The 3D- and 4D-SFSs were tested with our 3- andpiiations models, respectively, which were used
to answer our final and most comprehensive questidow did the hybrid populations originate?”. In
both cases, we used the single individuals eadnparspecies sampled closed to the hybrid popuisti
from to act as parental populations. For the hypodulations, we resampled four individuals every
window to build our SFSs. The 3D-SFSs containedrinftion of both parental populations plus one
given hybrid population, the 4D-SFSs included infation of the parental populations and all hybrid
populations. We analysed four different combinatiohtwo hybrid populations, Bunkkeri and Pikkala,
Langholmen W and R, Bunkkeri and Langholmen W, Rikétala and Langholmen W.
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3. Results
3.1. Hybrid populations deviate from expectations undeHardy-Weinberg Equilibrium

Mean expected heterozygositys[hber population ranged from 0.123 to 0.185 (Table Figure 3.1).
The Formica aquilonia population in Scotland has the lowest value (O 12®ile theF. polyctena
population in Finland has the highess (8.185). Mean observed heterozygosity)(per population
ranged from 0.103 to 0.207. Consistent with themeeected heterozygosity, the lowes(tH103)
belongs to thé-. aquilonia population in Scotland. Bunkkeri, a hybrid popigdaf shows the highest
mean observed heterozygosity (0.207).

Table 3.1 —Mean expected ($land observed () heterozygosities, and mear per population. All values are rounded up
to three decimal cases.

Population He Ho Fis
Finland 0.185 0.169 0.087
Formica polyctena West Switzerland 0.134 0.123 0.082
East Switzerland 0.119 0.123 -0.029
Bunkkeri 0.167 0.207 -0.245
Hybrid populations i Pikkala 0.150 0.178 -0.189
Langholmen R 0.165 0.178 -0.080
Langholmen W 0.165 0.173 -0.047
Switzerland 0.130 0.114 0.130
Formica aquilonia Scotland 0.123 0.103 0.165
Finland 0.143 0.134 0.060
0.20 -
0.15 -
£ _
2 1|
£ 0101
0.05
0.00 - -

Fin wSwi eSwi  Bun Pk LanR LanW Swi Sco Fin

F. polyctena Hybrids F.aquilonia

Figure 3.1 -Mean observed and expected heterozygosity of allilations under study. Abbreviations are as foltokia =
Finland; wSwi = West Switzerland; eSwi = East Swaitand; Bun = Bunkkeri; Pik = Pikkala; LanR = Langheh R; LanW
= La&ngholmen W; Swi = Switzerland; Sco = Scotland

All hybrid populations have higher.Hhan H, as well as theé. polyctena population in East
Switzerland. This is reflected in the inbreedingficients (ks) of these populations, which are all
negative (Table 3.1; Figure 3.2). Bunkkeri has mhmast negative mean,d~(-0.245), while theF.
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aquilonia population in Scotland has the most positive (B.165). All hybrid populations show an
excess of heterozygotes, deviating from genotygguiency expectations under HWE. Furthermore, the
hybrid populations, as well as the Finnish popatatfF. polyctena, are clearly different from the other
populations of the parental species.

0.20

0.15
0.10 —
0.05

o) Bl

P .

c

3

£ -005 -
-0.10
-0.15
-0.20

-0.25 — T T | — T T T T T ]
Fin wSwi  eSwi  Bun Pik LanR LanW Swi Sco Fin

F.polyctena Hybrids F.aquilonia

Figure 3.2 -Mean ks of all populations under study. Abbreviations asefollows: Fin = Finland; wSwi = West Switzerland;
eSwi = East Switzerland; Bun = Bunkkeri; Pik = Rikk LanR = Langholmen R; LanW = Langholmen W; S\@witzerland;
Sco = Scotland.

3.2. Hybrid populations are genetically intermediate betveenFormica polyctena and Formica
aquilonia

When computing genome-wide, average pairwise diffeation indexes @) for all possible
combinations of populations (Table 3.2; Figure 3v&) obtained moderately highvalues (>0.1) in
almost all cases. The highest value was recordédeba theF. polyctena population in East
Switzerland and th&. aquilonia population in Scotland (0.488), and the lowesiveen R and W
lineages in Langholmen (-0.016). With the Weir @utkerham (1984) estimator afif-negative values
can be taken as zero, i.e., no differentiation betwpopulations. Average differentiation between
intraspecific populations of the parental specias @.202 foF. aquilonia and 0.130 foF. polyctena.
Interspecific differentiation ranged from 0.256%d97, although it tends to be lower when one d¢in bo
of the populations were sampled in Finland.

Hybrid populations appear to be quite differentfreach other (average+of 0.134). As pairwisedr
values between hybrid populations are higher wimenad the populations involved is Pikkala, it seems
that Pikkala is more differentiated from Bunkkendd_angholmen W and R than those populations are
from each other. The hybrid populations seem tmbee differentiated frorfr. aquilonia (average &r

of 0.252 for all pairs including one hybrid popidat and ond~. aquilonia population) than fronf-.
polyctena (average &t of 0.222 for all pairs). Differentiation t6. polyctena seemed to be attenuated
when theF. polyctena population considered in the pairwise comparisas sampled in Finland. All
Fst estimates are lower than 0.2 when the Finifisipolyctena population is paired with a hybrid
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Figure 3.3 -Heat map of pairwisedr values between all populations under study. Abbt®ns are as follows: Fin_polE
polyctena population in Finland; wSwi_pol E. polyctena population in West Switzerland; eSwi_pdF=polyctena population
in East Switzerland; Bun = Bunkkeri; Pik = Pikkal@nR = Langholmen R; LanW = Langholmen W; Swi_d#. aquilonia
population in Switzerland; Sco_adg~=aquilonia population in Scotland; Fin_agF= aquilonia population in Switzerland.

We employed two individual-based methods to furtiiedy the genetic population structure in our data
Principal Component Analysis (PCA) and sNMF. Tragidom statistics (Supplementary Figure 1)
determined that the variation explained by the feven Principal Components (PC) produced by the
PCA is statistically significant. The first thre€®are plotted against each other in Figure 3.4.

PC1, which explains ~12% of the variation in théagalearly separates the parental populations from
each other, with thE. polyctena populations clustered together on the left-hadd sf the plot, and the

F. aquilonia populations clustered on the right. The hybridvitiials occupy the space between the
two parental clusters. It is important to note tiat Finnish-. polyctena individuals are plotted closer
to the hybrids than any other individual of eitparental species. PC2 explains ~6% of the variande
reflects the differences between hybrid individisagimpled in different localities, most notably begn
those sampled in Pikkala and those at the othetchigzations. Individuals from the two Langholmen
lineages are clustered together and seem to bediffe=nt from Bunkkeri than they are to each othe
PC3 mainly reflects the differences between indiald of the parental species sampled in Finland and
those sampled in other areas. Once again, Finmividuals of the parental species appear to keeclo
to the hybrid individuals.

The sNMF analysis considered two to ten possibleestnal clusters (K). Cross-entropy analysis
(Supplementary Figure 2) revealed that the bestvalfl K for our data is six, however, it is alstevant

to consider the results of K=2. From the 20 rejoet# done for both values of K, we chose the angest
proportions estimated by the repetition with thevdst cross-entropy, which are shown in Figure 3.5.
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When K=2 (Fig. 3.5A), individuals of both parersggkcies cluster with each other, with Eh@olyctena
individuals grouped in the light blue cluster anidhvthe F. aquilonia individuals together in the dark
blue cluster. Finnish individuals of each paregpacies show some ancestry from the opposite aakest
cluster, up to an ancestry proportion of ~0.17. iylerid individuals appear as a mix of ancestryriro
the ancestral clusters of individuals of each patespecies. In all cases, hybrid individuals steow
higher proportion of ancestry from the light blueestral clusterH. polyctena individuals) than from
the dark blue clusterF( aquilonia) individuals. When K=6 (Fig. 3.5B), two of the oestructed
ancestral clusters are once again formed by indaldof each parental species (dark green ancestral
cluster groups together &l polyctena individuals,F. aquilonia individuals are grouped in the light
green ancestral cluster). The remaining four analedtisters group together hybrid individuals skedp
at the same location, with Bunkkeri individuals negented in light blue, Pikkala in dark blue,
Langholmen R in red and Langholmen W in pink.
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Figure 3.4 - Principal Component Analysis. Principal Compone®€g) are shown plotted against each other. Each dot
represents an individual and each colour represemispulationA PC1 plotted against PCB. PC1 plotted against PC3.
Abbreviations are as follows: Finland_poF=polyctena population in Finland; wSwitzerland_polF polyctena population

in West Switzerland; eSwitzerland_pol & polyctena population in East Switzerland; Switzerland_ad-=aquilonia
population in Switzerland; Scotland_agF= aquilonia population in Scotland; Finland_aqF aquilonia population in
Switzerland

When K=2, the Finnish populations of both parespaicies show ancestry of the other ancestral cluste
Particularly, Finnishr. polyctena individuals show higher proportions of ancestonirtheF. aquilonia
cluster (dark blue) than the proportions of angeSinnishF. aquilonia individuals show from thé&.
polyctena cluster (light blue).Individuals of both parensglecies sampled outside of Finland show no
ancestry from the opposing cluster, except forfaraguilonia individual sampled in Switzerland. When
K=6, hybrid individuals show ancestry of all ancaktlusters, with varying proportions. Individuais
Bunkkeri appear to share the most ancestry witarattusters out of all hybrid populations.

These analyses suggest that the parental popudationsidered in this worlg. polyctena and F.
aquilonia, are quite different from each other and thatiyterid individuals are genetically intermediate
between the parental species.
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Figure 3.5 -Ancestry proportions reconstructed by sSNMF AoK=2 andB K=6. Each bar corresponds to an individual and
the different proportion of colours represent thebability of belonging to a specific cluster. Egudpulation is separated by
a black line. Abbreviations are as follows: Fin_pd. polyctena population in Finland; wSwi_pol E. polyctena population

in West Switzerland; eSwi_pol E. polyctena population in East Switzerland; Bun = Bunkkeri; RikPikkala; LanR =
Langholmen R; LanW = Langholmen W; Swi_aéf ;aquilonia population in Switzerland; Sco_adF=aquilonia population

in Scotland; Fin_aq €. aquilonia population in Switzerland

3.3. Formica polyctena and Formica aquilonia diverged with gene flow

In order to study the speciation history betwEepolyctena andF. aquilonia, we tested several models
with pairs of European populations (i.e., populaiceampled outside Finland). These pairs compared
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the F. polyctena population in West Switzerland to the aquilonia populations in Scotland and
Switzerland, and th€&. polyctena population in East Switzerland to tiire aquilonia population in
Scotland. As the datasets we used contained infaman the number of monomorphic sites and we
have an estimate of the mutation rate of theseispewe were able to scale the parameters in a way
that allows us to interpret them in an absolute meanAfter testing the four models (detailed intset
2.4.2.1.1 of Material & Methods) for all the poptida pairs, we picked the model with the highest
expected likelihood, i.e., the one that fit theadagtter, as the best model for each pair. Thiseicase
for all demographic modelling results presentethis chapter.
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F polyctena F aquilonia
Figure 3.6 -Demographic history results for the models conegrrihe speciation history betweEoprmica polyctena and
Formica aquilonia. A Parameter estimates of the best model (“Sympatoy"}he West SwitzerlanB. polyctena + Scotland
F. aquilonia comparisonB Parameter estimates of the best model (“Sympafor’the East Switzerlan#. polyctena +
ScotlandF. aquilonia comparison.C Parameter estimates of the best model (“Isolatifter Migragtion”) for the West
SwitzerlandF. polyctena + Switzerland~. aquilonia comparison. All times are given in number of gatiens and represented
proportionally to each other across panels, asiriee of divergence in panel A was taken as refereAd effective sizes are
given in number of haploids. Sizes at a given tame represented proportionally to each other agrasels, with thd-.
polyctena sizes in panel A serving as reference (i.e.,eént sizes are proportional to each other butmahcestral sizes,
while all ancestral sizes are proportional to eaitter but not to recent sizes). Arrows indicate riienber of migrants per
generation, their size is representative of thise/al he direction and colour of the arrows arédative of the direction of the
gene flow.

The “Sympatry” model was the best fit for the W8stitzerlandF. polyctena x ScotlandF. aquilonia
and East SwitzerlanB. polyctena x ScotlandrF. aquilonia comparisons (Fig. 3.6A,B; Supplementary
Tables 2 and 3 for parameter estimates obtaindd alitmodels for both comparisons). We found
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“Isolation after Migration” to be the best model the West SwitzerlanB. polyctena x Switzerland-.
aquilonia comparison (Fig. 3.6C; Supplementary Table 4 farameter estimates obtained with all
models). The best parameter estimates for eachigga@pucomparison can be found in Figure 3.6, in
their respective panels.

The time at which the populations of each spedierged is consistent across the different poputati
comparisons. The smallest observed estimate fordihergence time, 207,032 generations, was
obtained for the comparison between East Switzéfapolyctena and ScotlandF. aquilonia, and the
largest estimate of 297,231 generations was olatdorehe West Switzerlan@. polyctena x Scotland

F. aquilonia population pair. Assuming a generation time ofy&ars, the estimates for the divergence
between these species range from 517,580 to 748,0&drs ago, depending on the population pair.

The ancestral population of both species is caarsist estimated to have an effective size between
400,000 and 500,000 haploid individuals across [adiom comparisons. After the divergence of the
speciesF. aquilonia is consistently estimated, across population coispas, to have a largék than

F. polyctena throughout their history. The models consider twih populations undergo simultaneous
size changes, and our results for all comparisafisate that both species suffer contractionseatithe

of the size change. The best estimates we obt&imete time of the size change ranged from 12,916
generations, for the East SwitzerlaRd polyctena x ScotlandF. aquilonia comparison, to 27,083
generations, for the West SwitzerlaRdpolyctena x Switzerland~. aquilonia comparison. These size
changes are estimated to have happened 32,290/@86ykars ago.

The best models indicate tHatpolyctena andF. aquilonia diverged with gene flow. This gene flow is
very asymmetrical across population comparisont, miigrants moving exclusively frof aquilonia
into F. polyctena. Our estimates of the number of immigrar2sii) moving in this manner every
generation ranged from 0.57, for the comparisowéen East Switzerland. polyctena and Scotland
F. aquilonia, to 1.4, for the West Switzerlad polyctena x Switzerland~. aquilonia.

3.4. Finnish populations reveal the same speciation histy, with bidirectional gene flow,
betweenF ormica polyctena and Formica aquilonia

To investigate whether the history of divergencevieen these species is different in Finland due to,
for example, the occurrence of hybridization irsthirea, we tested the same models as before with a
dataset comparing the populations of both speaepked in Finland.

Similarly to what we obtained with pairs of Europdgae., non-Finnish) populations, the “Sympatry”
model is the best fit for the Finnish polyctena andF. aquilonia populations (Fig. 3.7; Supplementary
Table 5 for parameter estimates obtained with allefs). In other words, this comparison also sugpor
a scenario of divergence with gene flow farpolyctena andF. aquilonia. The time of divergence
between these populations, estimated as 224,4&tagems (561,202.5 years), is in-line with preou
estimates. The size of the ancestral populatidsoti populations in the model is quite comparable t
the estimates obtained for the European comparisorss the ancestral populations of both species
follow the previous trend with larger estimatesFoaquilonia thanF. polyctena. However, at the time
when the population sizes change, the size of ihka polyctena increases, i.e., this population
expands while we consistently s&wpolyctena contracting in the previous analyses. At the tohthe
size change, Finlarfel aquilonia still contracts, but both Finnish populations esémated to be bigger
than other conspecific populations at a more reib@et The time of size change is estimated todero
than what we saw previously, being placed at 39¢g&fierations, or 98,193 years.
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Figure 3.7 —Best demographic history for the Finnish populatiohBormica polyctena andFormica aquilonia. Results are
displayed as in Figure 3.6.

Similar to what we saw in the previous set of rissuhere is considerable gene flow frétaquilonia
into F. polyctena, with 1.4 migrants moving in this manner everya@mtion. However, unlike what we
saw with the European comparisons, there is alse flew fromF. polyctena into F. aquilonia in
Finland, at a rate of 0.2 migrants every generation

3.5. Past gene flow betweeRormica polyctena and Formica aquilonia cannot be explained by
gene flow from unsampled sister species

To explore the possibility that the observed pattafr gene flow between these species is caused by
migration from an unsampled, more closely relafgties intd=. polyctena or F. aquilonia, we tested

two models that included unsampled (“ghost”) popaoles. Details of these models can be found in
Section 2.4.2.1.2 of the Material & Methods. Thes®lels were tested for both European and Finnish
comparisons (Supplementary Tables 6 and 7 fordnanpeter estimates obtained with both models for
all population pairs).

The expected likelihood of these models with ghamimixture is lower than all othenodels that
considered migration between the sampled specibg foossible in some way. Importanttgpdels
with ghost admixture are worse than the best madflebach population pair. As such, possible
unaccountednigration from a more closely related species mitber F. polyctena or F. aquilonia
cannot explain the observed pattern of asymmetliriect migration between these species, mostly from
F. aquiloniaintoF. polyctena. However, the ‘. polyctena, Ghost) F. aquilonia” consistently estimates
considerable amounts of migrants moving from theaompled population int6. polyctena for almost

all pairs of populations, with the exception of tast Switzerlané. polyctena x Scotland-. aquilonia
comparison.

3.6. Hybrid populations arose from admixture betweenFormica polyctena and Formica
aquilonia

To investigate the origin of the hybrid populatipwe tested several models detailed in sectio2 1.8

of the Materials & Methods. We used the sampletectdd in Southern mainland Finland as sole
representatives of the parental populations dubew proximity to the hybrid populations and their
quality as representatives of the parental species.
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Since we tested models that alternatively consttiat the hybrid populations result from either
secondary contact or admixture between the parpofallations, we can more confidently assert that
admixture betweefkr. polyctena andF. aquilonia is at the origin of the hybrid populations. Thés i
because we can objectively say that both the malkaisontain an admixture event as the origirnef t
hybrid populations are a better fit to our datanthay of the models with secondary contact. In othe
words, the models with admixture have higher exgeblikelihoods in all cases. Furthermore, the sampl
“Admixture” model, with no backcrossing with therpatals and no post-admixture migration between
the parental populations, is the best fit for gihtd populations (Fig. 3.8; Supplementary Tableb8
for the parameter estimates obtained with all nel all hybrid populations).

236,539 349,028

223,299

237,798 242,562

291,274

Finland Bunkkeri Finland Finland Pikkala Finland
F. polyctena F. aquilonia F. polyctena F. aquilonia

C D

--233179 " [ 417311 [
- === - 201,597

267,746

215,480

223,182

——-- a8

Finland Langholmen W Finland Finland Langholmen R Finland
F. polyctena F. aquilonia F polyctena F. aquilonia

Figure 3.8 —Parameter estimates of the “Admixture” modelddBunkkeri,B Pikkala,C Langholmen W, an® Langholmen
R, and their parental populations. Results are displas in Figure 3.6, except for the recent sizEanfica aquilonia in
panel D.

It is a common trend across the results of thealys@s that the receRt aquilonia parental population

is the largest of the three, while the redengolyctena population is the smallest. The hybrid populations
tend to be somewhat bigger than the re¢erolyctena parental population. It is also consistently
estimated across analyses thatolyctena contributed more genetic material into the hylpagulations
thanF. aquilonia. When the hybrid population considered is Bunkkieikkala or Langholmen W, the
model estimates thaE. polyctena contributed 55-59% of the genetic material of éhds/brid
populations. When the hybrid population is LangheirR F. polyctena is estimated to have contributed
65% of the genetic material of this population.

Langholmen R (Fig. 3.8D) is estimated to be theesidf the hybrid populations, with the admixture
event from which it originated being estimated &wdr happened 120 years ago. The time at which
Pikkala (Fig. 3.8B) and Langholmen W (Fig. 3.8Cigovated differs by one generation, with their
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respective origins being estimated to have happ8&B8egears ago for Pikkala, and 90 years ago for
Langholmen W. The time at which Bunkkeri (Fig. 3)8#iginated is estimated to be 48 years ago,
suggesting that Bunkkeri is the youngest of theriybopulations.

3.7. W and R lineages in Langholmen share the same oriyi

In order to explore whether the hybrid populatiovere all formed through independent admixture
events or if their origin is shared, implying aldtared ancestry between them, we tested two models
where sets of two hybrid populations were considl@leng with their parental populations. Details of
these models can be found in Section 2.4.2.1.BeoMaterial & Methods. We considered four groups
of hybrid populations, Langholmen W and R (Fig.)3Bunkkeri and Langholmen W (Fig. 3.10),
Pikkala and Langholmen W (Fig. 3.11), and Bunkiked Pikkala (Fig. 3.12).

- e 271,601
B 279281 (N . =L - -256,974

259,630

Finland  Langholmen W Langholmen R Finland
F polyctena F aquilonia

Figure 3.9 -Best parameter estimates of the “Single Origin” niddethe dataset with the Langholmen W and R tg/bri
populations, as well as their parental populati®esults are displayed as in Figure 3.6.

We found that the “Single Origin” model was thettfdsn all cases (Supplementary Tables 16 and 17
for results of both models for all hybrid populatigroups). However, the comparison between the two
lineages in Langholmen is the only instance whigigerhodel was distinctly better than the “Indepenide
Origins” model. Adding to the observation that theected likelihood for “Independent Origins” is
over 2,000 log units worse than the expected hiogld for the “Single Origin” model, the parameter
estimates inferred by the “Single Origin” modebsigly suggest that there was a single admixturateve
betweerF. polyctena andF. aquilonia 40 years ago, followed by three decades of shareestry. This
would mean these populations spent 75% of thestemce together, having very recently separated int
independent populations. The results of this amalysply thatF. polyctena contributed 68% of the
genetic material of the ancestral population ofdiisimen W and R. We are not able to paint such a
clear picture for the other groups of hybrid pofiolas. For the remaining cases, the expected li&elil

of the “Independent Origins” model is worse thaat tbf the “Single Origin” model by only ~100 log
units and the parameter estimates of the best npail®l towards very short periods of shared angestr
prior to the split of the ancestral hybrid popuwatinto the populations we see now. For each pair,
“Independent Origins” estimates that the indepehddmixture events happened nearly simultaneously
in most cases. These estimates agree with thade d6ingle Origin” model towards the time of the
admixture event that originates the ancestral dylpopulation and the time of the subsequent
divergence into the present hybrid populations.
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Figure 3.10 -Best parameter estimates of the “Single Origin” niddethe dataset with the Bunkkeri and Langholmen W
hybrid populations, as well as their parental papahs. Results are displayed as in Figure 3.6.

Additionally, the sizes of the ancestral hybrid plggions in the “Single Origin” model are consigtgn
estimated to be quite high, compared to the resizes of the hybrid populations. When lineages eann
coalesce within a population, that is reflectedarger effective population sizes. As fastsimcoal2
implements a coalescent-based method, it is likel these sizes are inflated due to the lack of
coalescent events between lineages from the twachgbpulations in the ancestral population, again
consistent with an independent origin. The oppokappens with the ancestral population of the
Langholmen W and R populations, which is estimatetlave a size of 94 haploid individuals. This
indicates that the lineages of the hybrid poputetimvolved coalesce with each other in the anakestr
hybrid population. As such, this supports the higpsts that the W and R lineages in Langholmen share
a common origin, followed by a considerable penédhared ancestry.

230,995 463,201 533;883

217,564 . 214,824

Finland Pikkala Langholmen W Finland
F polyctena F aquilonia
Figure 3.11 -Best parameter estimates of the “Single Origin” niéalethe dataset with the Pikkala and Langholmehydrid
populations, as well as their parental populati®esults are displayed as in Figure 3.6.
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Figure 3.12 -Best parameter estimates of the “Single Origin” nhddethe dataset with the Bunkkeri and Pikkala tigb
populations, as well as their parental populati®esults are displayed as in Figure 3.6.
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4. Discussion

We used whole-genome genomic data to study spetiatid hybridization between two wood ant
speciesformica polyctena andF. aquilonia. We found thaf. polyctena andF. aquilonia diverged
with continuous asymmetric gene flow. Our resuligort the hypothesis that the putativgolyctena

x F. aquilonia hybrid individuals result from admixture betwebede species, and suggest that the two
lineages extant in the Langholmen population refsoith the same admixture event.

4.1. What is the speciation history betweelrormica polyctena and Formica aquilonia?

Previous studies on the speciation rofa group ants of thd=ormica genus have implemented
phylogenetic approaches and used predominantlychotadrial and microsatellite markers (e.g.,
Goropashnayat al., 2004, 2007; Goropashnaya, Fedorov and Pamilo})20is project marks the
first instance where speciation within théa group species is studied using a large numberaokens
sampled across the entire genome and where estimétanportant demographic parameters are
obtained for both species consideré&d, polyctena and F. aquilonia. Furthermore, the approach
implemented here compared several populationsesktepecies that were sampled throughout Europe.
Remarkably, we inferred the same history with rpigti distinct, pairs of populations, which affords
reliability to our results.

The results of our demographic analyses concethimgpeciation history betwe&ormica polyctena

and F. aquilonia indicate that the divergence between these spégiestimated to have happened
between 517,580 to 743,078 years ago, dependingeopopulation pair considered (Fig. 3.6). This
means that the divergence likely occurred in tlesRicene, assuming a generation time of 2.5 years.
The diversification of the Formicidae family is thght to have started 110-115 million years ago
(Grimaldi and Agosti, 2000), and the emergencehefformicinae subfamily has been dated to 104-
117 million years ago (Blaimett al., 2015). According to Goropashnaya, Fedorov andilBg2004),
therufa group includes eight specids,rufa, F. polyctena, F. aquilonia, F. lugubris, F. paralugubris,

F. pratensis, F. frontalis and F. truncorum. The F. rufa and F. polyctena species form a basal
monophyletic clade estimated to have separated flmmremaining species in tmafa group 490
thousand years ago (Goropashnaya, Fedorov and d?&20i04; Goropashnaya al., 2012). AsF.
polyctena andF. aquilonia are part of different clades, we would expectrtinedst recent common
ancestor to have existed at a time prior to thi¢ gptheF. rufa/F. polyctena clade from the remaining
members of theufa group. As such, our estimated time of divergeneveenF. polyctena andF.
aquilonia precedes the separation of therufa/F. polyctena clade from the remainingufa species,
which is in agreement with previous estimates eéjence in theufa group.

The ancestral population Bf polyctena andF. aquilonia is inferred to have had an effective sizg)(N

of 419,736 to 485,433 haploid individuals. Afteetddivergence of these speci€s,aquilonia is
consistently inferred to have a larger ancesteahBinF. polyctena. Both species are estimated to have
suffered contractions 32,290 to 67,708 years abe. Sizes of both populations are inferred to have
considerably decreased, with aquilonia still being consistently estimated to be largeantlr.
polyctena. Due to the supercolonial natureFofpolyctena andF. aquilonia populations, it is likely that
the species follow the dynamics of a metapopulafi@n, a population subdivided into many separate
demes that may exchange genes, become extinataomnézed after extinction; Wakeley and Aliacar,
2001). In metapopulations, coalescence of lineagisn the same deme is expected to be faster than
between lineages in different demes (Wakeley, 2004) suspect that our effective size inferences may
be inflated due to the existence of many lineagdisd populations that cannot coalesce with edodr pt
mimicking a large population.
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The analysis of present-day populationsFofpolyctena and F. aquilonia revealed high inter- and
intraspecific differentiation. While conspecifiaividuals are clearly more similar to each othamntko
heterospecific individuals, we still see signifitaifferentiation between populations of the same
species. The estimates of heterozygosity we olddmepopulations oF. polyctena andF. aquilonia

are quite low, especially when compared to previsuglies that characterized heterozygosity in
Formica species. These previous studies often used somalbers of microsatellite and mitochondrial
loci to estimate genetic diversity (Chapuisat, 19@oropashnaya, Seppa and Pamilo, 2001;
Gyllenstrand, Gertsch and Pamilo, 2002; Segpal., 2012), obtaining estimates as high as 0.75
(Chapuisat, Bocherens and Rosset, 2004). Evidemilyestimates of mean heterozygosity values for
F. polyctena andF. aquilonia are much lower, however, we obtained these estsnasing whole-
genome data, with over two million SNP sites.

Our results place the timing of the size contrarctibthese species in the last glacial period, whdsted
from circa 115,000 to 11,700 years ago. While natims known about the phylogeographical structure
of these species, both have previously been suajeésthave suffered bottlenecks while surviving
glaciation in suitable forest refugia, subsequeatipnizing most of Eurasia (Goropashnaya, Fedorov
and Pamilo, 2004). The effective size contractiorierred by our demographic analyses could be
attributed to the bottlenecks that took place witile species were trapped in the refugia, followed
possible founder effects when both species expaadédolonized their remaining territory.

Our analyses strongly suggest tRapolyctena andF. aquilonia diverged with gene flow. However,
our results show some discordance as to the manwhich this gene flow takes place. The “Sympatry”
model, which implements a scenario of divergendh wéntinuous gene flow, is the best fit for twd ou
of three pairs of populations. For the dissiderit,gae comparison between West Switzerldhd
polyctena and Switzerlandr. aquilonia, “Isolation after Migration” is the best scenariven so, this
model estimates that the populations became isbtaity 67,708 years before present time, meaning
that these populations still spent over 640,000syexperiencing gene flow. While it would seem
unusual that we found ttre polyctena population in West Switzerland to have divergethwbntinuous
gene flow from the~. aquilonia population in Scotland, given th&t polyctena does not occur in
Scotland, the demographic history inferred withsth@opulations reflects the overall history of the
species and not of these populations themselvag, Me show evidence for interspecific gene flow
between two species of tihefa group, which has also been described for ofteemica species (e.g.,
Purcell et al., 2016). Many other ant species are also knownntgage in interspecific gene flow
(Feldhaar, Foitzik and Heinze, 2008), with bothesige.g., Seifert, 2019) and non-sister specigs, (e
Steineret al., 2011).

It is known that manyormica species of theufa group retain the ability to interbreed and produce
viable offspring, with 56% of these species hylmiy with varying frequency (Seifert and
Goropashnaya, 2004). As such, it is not surprisivag we found evidence for gene flow betwéen
polyctena andF. aquilonia. However, one of our most unexpected resultsasttie gene flow between
F. polyctena andF. aquilonia is consistently inferred to be asymmetrical, vatily F. aquilonia genes
flowing into F. polyctena. It is possible that prezygotic isolation mecharsisare stronger foF.
aquilonia than forF. polyctena. Preliminary mate-choice experiment results sugthed, in Southern
Finland,F. aquilonia individuals are more stringent when it comes lec®g a mate than the hybrid
F. aquilonia x F. polyctena individuals found in this area (Beresford, Ferkaaet al., unpublished). If
the lower rigour in mate-choice displayed by hybrid due to having an intermediate phenotype
between those of the parental species, then iddoglassumed that mate-choice is less stricEfor
polyctena, facilitating the movement df. aquilonia genes intd-. polyctena, rather than in the reverse
direction. Mate-choice experiments would have tacbeducted with=. polyctena andF. aquilonia
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individuals collected across Europe to verify thigoothesis. While our inferences are obtained with
sites spread across the entire genome, and arefdres more likely to reflect past demographicrese
another alternative for the asymmetry in gene flevels may be natural selection. It has been shown
thatF. aquilonia is more resistant to cold th&n polyctena (Martin-Roy, Nygarcet al., submitted), as
suchF. aquilonia alleles introgressed inte. polyctena may allow this species to perform better when
temperatures are lower. If tite aquilonia alleles introgressed inté. polyctena grant higher tolerance
to low temperatures and are, therefore, benefioraF. polyctena individuals, it is possible that they
have been maintained in the populations througthauiistory of. polyctena. The scope of this project
does not afford us the opportunity to offer anydkof support to this hypothesis, however, simufatio
work focused on the expected loss of neutral imesged alleles in populations of these speciesicoul
help elucidate this matter.

4.2. Is the history of divergence betweelrormica polyctena and Formica aquilonia different
in Finland compared to Europe?

Hybridization betweef. polyctena andF. aquilonia has already been characterized in Southern Finland
(Rosengren, 1977; Sorvari, 2006; Kulmuni, Seifertd #amilo, 2010), something that is known to
happen often at the edge of the distribution gdeces (Pfennig, Kelly and Pierce, 2016). Therefibre

IS not unreasonable to consider that inferencéiseofliemographic history betweEnpolyctena andF.
aquilonia populations known to meet and produce hybridsduati®ern Finland may deviate from the
underlying speciation history.

The present populations Bf polyctena andF. aquilonia sampled in Finland are clearly different from
the remaining non-Finnish populations of their extjve species. We saw that interspecific
differentiation is fairly reduced when we compahne Finnish populations. These populations were
inferred to possess reconstructed ancestry fromidhyfdividuals sampled at different locations, and
are more genetically similar to our putative hylp@pulations than the other non-Finnish populations
In addition, they are more genetically diverse thleir conspecific populations sampled outside
Finland. Particularly, Finlan#. polyctena has the highest genetic variability out of all gupulations
we sampled. This agrees with the demographic intereesults, which indicate that tRepolyctena
effective population size in Finland is the largekthe F. polyctena populations we sampled. These
results point toward§f. aquilonia andF. polyctena experiencing more gene flow in Finland than in
other sampled locations. polyctena is thought to have colonized Finland afieaquilonia had already
become established. Theoretical work by Cuatrat. (2008) demonstrated that, when a species expands
its range and colonizes new territory, there isstitial introgression of neutral alleles from the
established species into the colonizing specieglidg to our situation, this would mean that the
dispersers colonizing Southern Finland would hagenbgenetically enriched by alleles introgressed
from the previously existin§. aquilonia gene pool, increasing the genetic diversity inEimishF.
polyctena population and inflating its &N

The speciation history inferred with the Finnisipplations ofF. polyctena andF. aquilonia fits in with

the overall history as inferred with other Europgampulations. The divergence between these
populations is estimated to have happened 561,28&\go, which is very consistent and comparable
to estimates obtained for pairs of non-Finnish patens. Effective sizes estimated for the ancéstra
population of the Finnish samples and for the analegopulations of each species are also consisten
with results obtained with the other populationse3e populations are inferred to have diverged with
continuous gene flow, with a considerable amountnigrants moving from. aquilonia into F.
polyctena. As such, the occurrence of hybridization betwieiamish populations d¥. polyctena andF.
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aquilonia in Southern Finland does not seem to distort thigger picture”, the overall speciation
history.

However, there are some very noticeable discrepanetween the speciation history betwé&en
polyctena andF. aquilonia and the history of their Finnish populations. Tingt of these is the time at
which the size of these populations changed. Tipegalations are inferred to have suffered size
changes approximately 100,000 years ago, at an tigle than any of the other populations. While we
consistently saw both populations contract, we fotivat FinnistF. polyctena actually expands at the
same time that Finnidh. agquilonia contracts. This leads to the second discrepascyeanow see the
effective size of Finnisk. polyctena increasing to 268,225 haploid individuals. Thisadjrees with the
previous tendency fdf. aquilonia to have a larger effective size tHamolyctena at more recent times.
Most interestingly, the pattern of migration betwahe Finnish populations &. polyctena andF.
aquilonia differs from what we found between non-Finnish ydapons. Alternatively, this increase in
Ne may reflect an increase in the immigration iftopolyctena. As the model assumes a constant
migration ratem through time, changes in.MWill affect the average number of immigrants (ithe
scaled immigration rat&Nm). Thus, the increase inciight reflect an increase in the immigration rate.
While we previously only inferred migration frof aquilonia into F. polyctena, we also found
evidence for the movement of lineages frienpolyctena into F. aquilonia in Finland.

Our most striking result concerning the demogratigtory between the Finnish populations is the
inference of a different pattern of gene flow betw€&. polyctena andF. aquilonia. There are two
possible, non-mutually exclusive, causes for thiiréitional gene flow we now observe, one of which
is direct and the other indirect. Direct introgieasof alleles front. polyctena into F. aquilonia could

be facilitated by man-made close contact betweenittuals of these species. The forest management
strategy practiced in Finland results in the foiorabf sharp boundaries between areas more suitable
for F. aquilonia (forest interior with suitable temperature, shate humidity) and areas wheffe
polyctena can thrive, as it can withstand increased expasusanlight (Punttila, 2020). The production
of F. aquilonia sexual offspring has been described to be imp&iotid in deforested areas (Sorvari and
Hakkarainen, 2007) and near the forest edge (Sp2@t3).F. aquilonia is commonly described in
literature as a highly polygynous, highly polydonsapercolonial species. As such, matings vennofte
happen between individuals from the same nest,owitlany nuptial flight. On the assumption that
deforestation and proximity to forest edge woulduee the number of in-nest sexuals, we could say
that this could facilitate heterospecific matinggedo lack of conspecific options, most likely with
polyctena males mating witl. aquilonia females.

The second cause for the bidirectional gene flomdsgect. TheF. polyctena x F. aquilonia hybrid
populations extant in Southern Finland (Beresfetrdl., 2017) could mediate gene flow frof
polyctena to F. aquilonia via backcrosses between hybrids &ndquilonia individuals. This would
lead to the introgression Bf polyctena genetic material into th. aquilonia gene pool in Finland. We
tested this scenario by considering a demograploideinwhere the hybrid population continuously
backcrosses with the parental species. Our reswdfgest that this is not the best model to explan
observed site frequency spectrum. The simple “Adun&X model, containing no backcrosses, was the
best fit irrespective of the hybrid population ciolesed. This could be simply because the data does
point towards the occurrence of backcrosses betlwgkend and parental individuals, or because the
parameter estimates of the simple “Admixture” mofielthe data better, therefore increasing its
likelihood. We may further investigate this by tegtthis model again with a pool of all hybrid sdep

or without allowing for any direct migration betwethe parental species. In any case, we would need
to sample more pure Finnish representatives of patental species, i.e. individuals that are not
admixed with any othdformica species.
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4.3. Is there evidence for gene flow from unsampled spies into either Formica polyctena or
Formica aquilonia?

Recently, evidence of gene flow and admixture witkampled species has become more frequent (e.g.,
Kuhlwilm et al., 2019). As it is known that both the species abergd in this projeck. polyctena and

F. aquilonia, may hybridize with closely related specieswh group ants (Seifert and Goropashnaya,
2004; Seifert, Kulmuni and Pamilo, 2010), we coesid the possibility that gene flow with another
unsampled, more related species could be happanidhgot being accounted for in our models, possibly
creating the signal of migration betweerpolyctena andF. aquilonia. Given the available information,
the most likely scenarios include at least oneheirtsister species sending migrants into either
polyctena or F. aquilonia. In these scenarios, the unsampled species wewtdrofa for F. polyctena,
andF. lugubrig/F. paralugubris for F. aquilonia.

Our results suggest that these scenarios are leotaabetter explain the observed patterns of rigna
betweenF. polyctena andF. aquilonia than the models that include no unsampled spedi@sever,
the “(F. polyctena, Ghost),F. aquilonia” model revealed a consistent pattern of migrafrem the
unsampled population, which would Berufa in this case, inté. polyctena. While this pattern does
not constitute evidence of gene flow from an undathppecies int6. polyctena, it does warrant further
investigation. We could explore this possibility &gmplingF. rufa individuals and testing the same
model using observed, sampled information ffemufa.

4.4. How did the hybrid populations originate?

Evidence of admixture betwe&npolyctena andF. aquilonia in Southern Finland was first reported by
Rosengren (1977), who identifidel aquilonia morphological traits in otherwisg. polyctena-like
queens. Later, Sorvari (2006) sought to describesdme phenomenon in the worker caste, finding two
separate morphological forms ki polyctena workers. One of the forms presented a higher nummbe
hairs tharf. polyctena typically does, taking after the typical hairferaquilonia morphology. Sorvari
(2006) was the first to postulate thatpolyctena andF. aquilonia may hybridise in Southern Finland.
In Kulmuni, Seifert and Pamilo (2010), an estat@ipopulation oF. polyctena x F. aquilonia hybrids
was morphologically and genetically described far first time. This hybrid population was found to
contain two separate genetic groups, corresportdititge Langholmen R and W subpopulations under
study in this project. Over the years, more locegim Southern Finland have been found to be coetpos
of F. polyctena x F. aquilonia hybrids (Beresfordet al., 2017). Thus far, hybridization betweén
polyctena andF. aquilonia has been studied using allozyme, mitochondrialraimdosatellite markers
(Korczynskaet al., 2010; Kulmuni, Seifert and Pamilo, 2010; Kulmanid Pamilo, 2014; Beresfoet

al., 2017).F. polyctena x F. aquilonia hybrid populations have only been studied as thene in the
present or very recent time, as inference of tthemographic history has never been attempted before
This project is the first to employ whole-genomeadi® not only study. polyctena x F. aquilonia
hybrid populations as they are in the presentidatso explore their origins in the past.

We found that admixture (i.e., hybridization) beéné&. polyctena andF. aquilonia is at the origin of
our four sampled hybrid populations. The originsatifhybrid populations are estimated to be very
recent and similar across populations. All hybrapylations received more of their genetic material
from F. polyctena than fromF. aquilonia, with F. polyctena contributing 58% to 68%. Our results
suggest that the two Langholmen populations sharenamon origin, followed by several years of
shared history before their ancestral populatidin isfo the two populations we find today. We cahn
however, state with certainty whether any of theeohybrid populations share common origins or not.
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For the other hybrid populations, the expecteditik®d values of the “Single Origin” and “Indepemde
Origins” models are very similar, and, rather tsapporting a single origin, the parameter estimettes
the “Single Origin” model can also be consisterthvwivo independent origins that happened at similar
times and with similar contributions from the paedrspecies. Indeed, it might be challenging to
disentangle recent events that happened roughlytsineously with SFS-based methods. Our estimates
of genetic differentiation @), and our PCA and sNMF results also point to derditferentiation
between most hybrid populations (Table 3.2; Fig-®5), except for the two lineages in Langholmen,
which is consistent with independent origins. la thture, we may employ methods to date admixture
events based on LD-patterns once phased data be@raiable, which might be more powerful to
detect recent events than SFS-based methodsSeusa and Hey, 2013; Duranteiral., 2018).

Compared to parental populations, the hybrid pdfmria are quite genetically variable. The hybrid
populations have generally higher genetic diveltsign the populations of their parental species;hvh

is not surprising in admixed individuals (e.g., 8miKonings and Kornfield, 2003). All hybrid
populations have negativasFwhich we can partly attribute to selection orrégent hybridization
(outcrossing). Kulmuni and Pamilo (2014) reportldttin aF. polyctena x F. aquilonia hybrid
population, due to differences in ploidy, genotgeenbinations that are selected against in males are
favoured in females when they are heterozygouss Téads to an increase in the frequency of
heterozygotes in these populations past what wédnepect under HWE. The hybrid populations are
fairly genetically different from each other, withe exception of the lineages in Langholmen, which
show very limited differentiation between each otowever, while the hybrid individuals are clgarl
genetically intermediate between the parental sgedhey are more similar to each other than to
individuals of their parental species. This is éstesit with previous observations Bf polyctena x F.
aquilonia hybrid individuals, which were found to be genallic more similar to each other than to pure
individuals of their parental species (Koraglaet al., 2010). Interestingly, pairwisesfestimates and
ancestry proportions reconstructed under K=2 indi¢hat the hybrid populations seem to be more
similar to theF. polyctena populations, especially the one sampled in Finldndn toF. aquilonia
populations. This supports our inference tRapolyctena contributed more genetic material to the
hybrid populations tharF. aquilonia. Analyses performed with different approaches,hsas
chromosome painting, also corroborate this obsenvgiNouhaudet al., in preparation). The hybrid
populations are much more genetically similar te populations of the parental species sampled in
Finland than to those sampled outside Finland. Atingly, this offers further support to the hypatise
that these populations result from admixture betegolyctena andF. aquilonia in Southern Finland.

Hybridization in Formicidae ants is now known torbech more common than previously thought. For
instance, recent studies have identified and desdrybridization between the speciesramorium
immigrans andT. caespitum (Cordonnieret al., 2019), andCamponotus herculeanus andC. ligniperda
(Seifert, 2019). Importantly, hybridization betweether Formica species has also been previously
described, between bothfa and nonrufa group species. Seifert, Kulmuni and Pamilo (2G&@prted
frequent hybridization betwedr. polyctena andF. rufa in Central Europe, with hybrid individuals
appearing to be genetically more similarRopolyctena thanF. rufa. Akin to our findings, hybrid
individuals resulting from admixture betweEnselysi andF. cinerea (Purcellet al., 2016) are also
predominantly genetically closer to one of the ptakspeciesk. selysi in this case, than to the other.
The available information in the literature, congdrwith the findings of this project, seems to |sg
that hybridization betweedformica species tends to happen asymmetrically, with étigechybridizing
species contributing more genetic material to thrid individuals than the others. Hybridization
between other Hymenoptera species has been folnedtoth asymmetrical (e.g., Francistal., 2014,
Wallberg et al., 2014) and non-asymmetrical (Anderson, Novak andtt§ 2008). Interestingly,
theoretical work has predicted that biased intregjos of mitochondrial genes via hybridization is
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expected in haplodiploid organisms (Patten, Caidoaod Linnen, 2015). The genetic contributions of
each of our parental species into the hybrids symeetrical in an approximately 60/40 ratio, thiym
be due to stochastic factors, such as backcroasgthghe most abundant parental species in the drea

may be interesting to infer such parameters foemhybridizing haplodiploid species, such as those
detailed in Nouhaudt al., 2020).
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Supplementary Figure 1 -Tracy-Widom statistic applied to the Principal Coments (PCs) assembled by the Principal
Component Analysis. The first seven PCs are deterhimbe statistically significant.
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Supplementary Figure 2 -Cross-entropy analysis for determination of the lbestber of ancestral clusters in the sSNMF
analysis. K=6 is determined to be the best numbancestral clusters.
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Supplementary Table 1 —Demographic parameters estimated by fastsimcaal@eimographic model analysésnless

bounded, the upper limit of the search range caexbeeded. Each model used only a subset of tle@aenpters. Asterisks
(*) mark parameters of models used to study theiapen history whose search ranges were alterédariSympatry” and
“Migration after Isolation” when testing them withe Finnish comparison. The alternative minimum arakimum bounds
are displayed in the appropriate columns. Doultieriaks (**) mark parameters whose calculation gesnbetween models.

Search Range

Value Distribution

Parameter Minimum Maximum Bounded?
Type Type
N_ANC Integer Uniform 10 2.0* %0 No
N_ANCO* Integer Uniform 10;2.0* 10 2.0*1C; 4.0* 10 No
N_ANC1* Integer Uniform 10;3.0* 10 2.0*1@; 5.0 * 10 No
N_POPO Integer Uniform 10 2.0*90 No
2 N_POP1 Integer Uniform 10 2.0*90 No
B TDIV* Integer Uniform 10;2.0* 18 5.0*10; 4.0 * 1¢ No
£ REL_BOT Float Uniform 0 1 Yes
E REL_MIG Float Uniform 0 1 Yes
% T BOT Integer Uniform 0 TDIV * REL_BOT No
.5 TMIGSTART Integer Uniform 0 TDIV * REL_MIG No
fg TMIGSTOP Integer Uniform 0 TDIV * REL_MIG No
o NMO1 Float  Log-Uniform 1.0 * 18° 20 Yes
o NM10 Float  Log-Uniform 1.0 *18° 20 Yes
. NMO1/N_ANCQO;
MIGO1** Float Log-Uniform 0 NMO1/N_ POPO No
. NM10/N_ANC1;
MIG10** Float Log-Uniform 0 NM10/N_POP1 No
» N_ANC Integer Uniform 10 2.0* %0 No
3 N_ANCO Integer Uniform 10 2.0* f0 No
g N_ANC1 Integer Uniform 10 2.0 * f0 No
IS N_POPO Integer Uniform 10 2.0*90 No
ﬁ N_POP1 Integer Uniform 10 2.0*90 No
:;; N_GHOST Integer Uniform 10 2.0* %0 No
= TDIV Integer Uniform 10 5.0*19 No
é REL_DIV Float Uniform 0 1 Yes
'g TDIV_GHOST Integer Uniform 0 TDIV * REL_GHOST No
& NMOGHOST Float Log-Uniform 1.0 *1® 20 Yes
kS NM1GHOST Float  Log-Uniform 1.0 *1® 20 Yes
o
g MIGOGHOST Float Log-Uniform 0 NI\fI\IO_(;I-IOCI)DﬁT/ No
5 . NM1GHOST/
MIG1GHOST Float Log-Uniform 0 N_POP1 No
N_ANC_All Integer Uniform 40*10 5.0*1C¢ No
N_ANCO Integer Uniform 2.0*10 3.0*10 No
N_ANCHYB Integer Uniform 10 5.0*10 No
N_ANC2 Integer Uniform 3.0*10 5.0*10 No
N_POPO Integer Uniform 10 3.0*10 No
N_HYB Integer Uniform 10 3.0*10 No
N_POP2 Integer Uniform 10 3.0*10 No
N_POPO_REC Integer Uniform 10 3.0*%10 No
N_HYB_REC Integer Uniform 10 3.0*%0 No
N_POP2_REC Integer Uniform 10 3.0*%10 No
TDIV Integer Uniform 2.0*18 3.0*10 No
REL_MIG Float Uniform 0 1 Yes
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REL_DIV Float Uniform 0 1 Yes
REL_BOT Float Uniform 0 1 Yes
3 REL_ADM Float Uniform 0 1 Yes
IS TMIGSTOP Integer Uniform 0 TDIV * REL_MIG No
E TDIVO1 Integer Uniform 0 TDIV * REL_DIV No
*E TDIV12 Integer Uniform 0 TDIV*REL_DIV No
-§ TBOT** Integer Uniform 0 Th‘f’fi&&??f_%ﬁ? T No
= TADMS Integer Uniform 0 TDIV*REL_ADM No
g TADME Integer Uniform 0 TADMS+1 No
g NMO1 Float  Log-Uniform 1.0 *18° 20 Yes
8 NM10 Float  Log-Uniform 1.0 *18° 20 Yes
% NM12 Float  Log-Uniform 1.0 *18° 20 Yes
° NM21 Float  Log-Uniform 1.0 *18° 20 Yes
§ NMO02 Float  Log-Uniform 1.0 *18° 20 Yes
N NM20 Float  Log-Uniform 1.0 *18° 20 Yes
NM02_ANC Float  Log-Uniform 1.0 *16° 20 Yes
ALFA Float Uniform 0 1 Yes
MIGO1** Float Log-Uniform 0 NMO1/N_POPO(_REC) No
MIG10** Float Log-Uniform 0 NM10/N_HYB(_REC) No
MIG12** Float Log-Uniform 0 NM12/N_HYB(_REC) No
MIG21** Float Log-Uniform 0 NM21/N_POP2(_REC) No
MIGO2** Float Log-Uniform 0 NMO2/N_POPO(_REC) No
MIG20** Float Log-Uniform 0 NM20/N_POP2(_REC) No
MIG02_ANC Float Log-Uniform 0 NMO02_ANC/N_ANCO No
N_ANC_All Integer Uniform 40*10 5.0* 10 No
N_ANCO Integer Uniform 2.0*10 3.0*10 No
N_ANC3 Integer Uniform 3.0*10 5.0*10 No
N_ANCHYB Integer Uniform 10 2.0*10 No
N_POPO Integer Uniform 10 3.0*90 No
" N_POP3 Integer Uniform 10 3.0*90 No
% N_POPO_REC Integer Uniform 10 5.0 *10 No
6 N_HYB1_REC Integer Uniform 10 2.0* 30 No
2 N_HYB2_REC Integer Uniform 10 2.0*30 No
§ N_POP3_REC Integer Uniform 10 5.0 *410 No
< TDIV Integer Uniform 2.0*18 3.0*10 No
g TADMS Integer  Uniform 0 50 No
= TADMS_HYB1 Integer Uniform 0 50 No
& TADMS_HYB2 Integer Uniform 0 50 No
g REL_BOT Float Uniform 0 1 Yes
5 REL_DIV Float Uniform 0 1 Yes
% TBOT Integer Uniform 0 TDIV*REL_BOT No
-(% TADME Integer Uniform 0 TADMS+1 No
TADME_HYB1 Integer Uniform 0 TADMS_HYB1+1 No
TADME_HYB2 Integer Uniform 0 TADMS_HYB2+1 No
TDIV_HYB Integer Uniform 0 TADMS*REL_DIV No
ALFA Float Uniform 0 1 Yes
BETA Float Uniform 0 1 Yes
NMO02_ANC Float Log-Uniform 0 NMO02_ANC/N_ANCO No
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Supplementary Table 2 -Maximum likelihood parameter estimates for all med®mncerning the speciation history between
Formica polyctena andFormica aquilonia, tested with the dataset where thepolyctena population in West Switzerland is
the first population, and tHe aquilonia population in Scotland is the second. All effeetsizes (Ne) are given in number of
haploids. Times are given in number of generatibtigration rates are scaled according to populagibective sizes (2Nm).
Maximume-likelihood estimates for parameters aretelkkom the run reaching the highest compositdiiked of the 100 runs
performed. Likelihoods are given in logarithmic lscavaximum observed likelihood for this dataset-25037,909.731.
AlLikelihood is calculated by subtracting the expddikelihood from the maximum observed likelihood.

Isolation after  Migration after

Parameter Allopatry Sympatry Migration Isolation
Ancestral Ne 509,350 419,736 502,389 454,087
F. polyctena 1,454,254 284,346 387,423 392,188
ancestral N:
F. aquilonia 174,024 465,565 364,037 507,140
ancestral N:
F. polyctena Ne 83,057 57,374 78,212 86,835
F. aquilonia Ne 146,632 76,431 106,691 99,898
Time of divergence 110,374 297,231 220,636 188,521
Time of size change 47,069 26,342 - -
Time of isolation - - 40,820 -
Time of contact - - - 43,314
2Nm (F. aquilonia to
- 0.9860377 2.6208967 0.2509777
F. polyctena)
2Nm (F. polyctena to ; 1.37E-05 2.65E-04 1.25E-08
F. aquilonia)
Expected Likelihood -2,038,390.527 -2,038,351.735 -2,038,351.735 -231BB638
ALikelihood 480.796 442.004 442.004 394.907
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Supplementary Table 3 -Maximum likelihood parameter estimates for all miscconcerning the speciation history between
Formica polyctena andFormica aquilonia, tested with the dataset where Ehgolyctena population in East Switzerland is the
first population, and th&. aquilonia population in Scotland is the second. All effeetsizes (Ne) are given in number of
haploids. Times are given in number of generatibtigration rates are scaled according to populagibective sizes (2Nm).
Maximume-likelihood estimates for parameters aretelkkom the run reaching the highest compositdiiked of the 100 runs
performed. Likelihoods are given in logarithmic lscaMaximum observed likelihood for this dataset-25163,676.544.
AlLikelihood is calculated by subtracting the expddikelihood from the maximum observed likelihood.

Isolation after Migration after

Parameter Allopatry Sympatry Migration Isolation
Ancestral Ne 501,519 475,840 491,856 491,282
. polyctena 665,985 299,620 139,822 1,549,007
ancestral N:

F. aquilonia 236,637 366,316 339,032 310,438
ancestral N:

F. polyctena Ne 8,548 29,080 38,378 18,720
F. aquilonia Ne 38,767 51,997 29,147 53,680
Time of divergence 135,229 207,033 220,545 154,813

Time of size change 4,688 12,916 - -
Time of isolation - - 5,696 -
Time of contact - - - 12,513
2Nm (F. aquilonia i 0.5668583 0.3935858 0.0280896
to F. polyctena)
2Nm (F. polyctena i 4.46E-04 1.10E-03 9.88E-06
to F. aquilonia)

Expected
Likelihood -2,164,109.333  -2,164,022.947  -2,164,046.421 -20854426
ALikelihood 432.789 346.403 369.88 410.882
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Supplementary Table 4 -Maximum likelihood parameter estimates for all miscconcerning the speciation history
betweenFormica polyctena andFormica aquilonia, tested with the dataset where Ehgolyctena population in West
Switzerland is the first population, and theaquilonia population in Switzerland is the second. All effee sizes (Ne) are
given in number of haploids. Times are given in banof generations. Migration rates are scaledrdatg to population
effective sizes (2Nm). Maximum-likelihood estimates parameters are taken from the run reachinditdfgest composite
likelihood of the 100 runs performed. Likelihoods given in logarithmic scale. Maximum observedetlitkood for this

dataset is -1,993,626.486Likelihood is calculated by subtracting the expddtkelihood from the maximum observed
likelihood.

Isolation after  Migration after
Parameter Allopatry Sympatry Migration Isolation
Ancestral Ne 487,733 477,516 485,433 511,431
F. polyctena 1,237,745 359,341 247,349 213,329
ancestral N:
F. aquilonia 320,356 466,128 391,948 213,709
ancestral N:
F. polyctena Ne 42,459 74,192 65,244 86,025
F. aquilonia Ne 62,808 70,679 75,344 76,323
Time of divergence 136,971 174,591 285,395 118,533
Time of size change 21,622 31,393 - -
Time of isolation - - 27,083 -
Time of contact - - - 20,352
2Nm (F. aquilonia to
- 0.5433142 1.401815 0.1133943
F. polyctena)
2Nm (. polyctena to . 9.17E-03 1.30E-04 2.24E-06
F. aquilonia)
Expected Likelihood -1,994,231.487 -1,994,187.631 -1,994,132.769  -119%300
ALikelihood 605.001 561.145 506.283 545.814
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Supplementary Table 5 -Maximum likelihood parameter estimates for all miscconcerning the speciation history between
Formica polyctena andFormica aquilonia, tested with the dataset where the both populatieere sampled in Finland. All
effective sizes (Ne) are given in number of hapoitimes are given in number of generations. Migratates are scaled
according to population effective sizes (2Nm). Maxim-likelihood estimates for parameters are takem the run reaching
the highest composite likelihood of the 100 rundqrened. Likelihoods are given in logarithmic scadléaximum observed
likelihood for this dataset is -1,877,036.096 ikelihood is calculated by subtracting the expdcli&elihood from the
maximum observed likelihood.

Isolation after  Migration after

Parameter Allopatry Sympatry

Migration Isolation
Ancestral Ne 452,531 421,803 454,136 401,707
F. polyctena 1,562,309 205,477 248,080 264,026
ancestral N:
F. aquilonia 70,034 312,051 189,624 435,786
ancestral N:
F. polyctena Ne 165,752 268,225 741,957 248,327
F. aquilonia Ne 1,324,820 138,939 209,965 167,201
Time of divergence 55,771 224,481 115,730 204,610
Time of size change 24,642 39,277 - -
Time of isolation - - 1,789 -
Time of contact - - - 81,474
2Nm (F. aquilonia to
- 1.2670534 1.2964164 1.7686041
F. polyctena)
2Nm (F. polyctena to ; 0.2044848 3.31E-03 0.1379156
F. aquilonia)
Expected Likelihood -1,877,356.775 -1,877,155.931 -1,877,194.356  -11&A7719
ALikelihood 320.719 119.875 158.300 125.663
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Supplementary Table 6 -Maximum likelihood parameter estimates for tHedtmica polyctena, Ghost),Formica aquilonia”
model tested with all population comparisons. Aleetive sizes (Ne) are given in number of haploitisnes are given in
number of generations. Migration rates are scalembrding to population effective sizes (2Nm). Mawimlikelihood
estimates for parameters are taken from the ruohieg the highest composite likelihood of the 10@s performed.
Likelihoods are given in logarithmic scale.ikelihood is calculated by subtracting the expddieelihood from the maximum
observed likelihood.

West

. West Switzerland East Switzerland Finland F.
Switzerland F. polyctena + F. polyctena + polyctena +
Parameter . polyctena + Switzerland F. ScotlandF. Finland F.
Scotland aquilonia aquilonia aquilonia
F. aquilonia d a d
Ancestral Ne 483,222 506,147 495,331 445,090
F. polyctena 1,799,354 799,601 1,874,157 1,613,901
ancestral N.
F. aquilonia 220,734 194,478 289,007 85,428
ancestral N,
F. polyctena Ne 9,271 9,245 22,638 40,944
F. aquilonia Ne 50,335 110,562 72,189 219,833
thst 1,123,242 325,187 1,559,278 1,802,127
population Ne
Time of 130,207 118,229 146,102 64,003
divergence
Time of
divergence
(GhostFF. 5,902 27,425 15,015 40,473
polyctena)
2Nm (Ghostto 5 o79309, 0.9060956 0.000312282 3.1094804
F. polyctena)
Max. Observed
Likelihood -2,037,909.731 -1,993,626.486 -2,163,676.544 -1086/056
Expected
Likelihood -2,038,344.718 -1,994,224.792 -2,164,118.547 -130070
ALikelihood 394.907 598.306 442.003 284.642
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Supplementary Table 7 -Maximum likelihood parameter estimates for tHedfmica aquilonia, Ghost) Formica polyctena”
model tested with all population comparisons. Aleetive sizes (Ne) are given in number of haploitisnes are given in
number of generations. Migration rates are scalembrding to population effective sizes (2Nm). Mawimlikelihood
estimates for parameters are taken from the ruohieg the highest composite likelihood of the 10@s performed.

Likelihoods are given in logarithmic scale.ikelihood is calculated by subtracting the expddieelihood from the maximum
observed likelihood.

.W est West Switzerland  East Switzerland Finland F.
Switzerland
Parameter F. polyctena + F. polyctena + F. polyctena + polyctena +
' Switzerland F. ScotlandF. Finland F.
Scotland aquilonia aquilonia aquilonia
F. aquilonia d a d
Ancestral Ne 504,126 501,774 491,693 456,362
F. polyctena 1,942,980 352,775 997,620 1,323,820
ancestral N:
F. aquilonia 195,253 217,287 299,329 76,533
ancestral N:
F. polyctena Ne 90,008 59,116 11,122 184,811
F. aquilonia Ne 141,283 80,754 36,280 303,743
Ghost 1,748,768 1,316,349 1,496,129 427,941
population Ne
Time of 112,989 120,368 152,108 56,728
divergence
Time of
divergence
(GhostFF. 51,687 20,437 6,647 29,225
aquilonia)
2Nm (Ghostto; 4, ¢ 4g 0.000310889 0.0215419 2.41E-05
F. aquilonia)
Max. Observed
Likelihood -2,037,909.731 -1,993,626.486 -2,163,676.544 -10861056
Expected
Likelihood -2,038,394.770 -1,994,228.065 -2,164,124.248 -1354799
ALikelihood 485.039 601.579 447.704 318.930
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Supplementary Table 8 -Maximum likelihood parameter estimates for the $eewy Contact models concerning the origin
of the hybrid populations, tested with the datasmitaining Bunkkeri and the Finnigformica polyctena and Formica
aquilonia parental populations. All effective sizes (Ne) gieen in number of haploids. Times are given inmber of
generations. Migration rates are scaled accordingopulation effective sizes (2Nm). Maximum-likedibd estimates for
parameters are taken from the run reaching theebigtomposite likelihood of the 100 runs perfornigkielihoods are given
in logarithmic scale. Maximum observed likelihoad this dataset is -1,821,814.1&d.ikelihood is calculated by subtracting
the expected likelihood from the maximum obsenkelihood.

(F. polyctena,

. . . F. aquilonia,
Parameter Trifurcation Hybr'ld),' Hyb(ri d), qF. polyctena
F. aquilonia
Ancestral Ne 404,359 407,430 406,698
F. polyctena ancestral N. 213,851 203,991 209,753
Hybrid ancestral Ne 394,642 - -
F. aquilonia ancestral N: 304,766 304,103 308,406
"Older" F. polyctena Ne - 96,556 50,490
"Older" hybrid N - 210,037 158,705
"Older" F. aquilonia Ne - 68,802 118,475
RecentF. polyctena Ne 59,117 27,996 22,045
Recent Hybrid Ne 20,187 17,962 8,823
RecentF. aquilonia Ne 88,710 82,700 9,464
Time of divergence 259,246 204,399 202,275
Time of divergence (Hybrid ) 22394 i
from F. polyctena)
Time of dlverger_lce _(Hybrld ) i 17,583
from F. aquilonia)
Time of contact 24,172 20,708 15,588
Time of size change - 3,105 1,298
2Nm (Hybrid to F. polyctena) 0.0034056 - 4.12E-07
2Nm (F. polyctena to Hybrid) 0.9529539 - 5.25502
2Nm (F. aquilonia to Hybrid) 1.0634894 5.8546539 -
2Nm (Hybrid to F. aquilonia) 0.0017806 3.10E-08 -
2Nm (F. aquiloniato F. 0.0014497 0.0027863 0.026998
polyctena)
2Nm (F. polyctenato . 0.0024855 0.0658583 4.76E-09
aquilonia)
Ancestral 2Nm . aquilonia 4 5551114 0.8385864 1.0483054
to F. polyctena)
LogLikelihood -1,823,911.477 -1,823,310.938 -1,823,193.952
ALikelihood 2,097.288 1,496.749 1,379.763
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Supplementary Table 9 -Maximum likelihood parameter estimates for the Axionie models concerning the origin of the
hybrid populations, tested with the dataset coirigiBunkkeri and the Finnishormica polyctena andFormica aquilonia
parental populations. All effective sizes (Ne) gieen in number of haploids. Times are given in benof generations.
Migration rates are scaled according to populagifective sizes (2Nm). Maximum-likelihood estimafesparameters are
taken from the run reaching the highest compoikigdithood of the 100 runs performed. Likelihoode given in logarithmic
scale. Maximum observed likelihood for this datasel,821,814.18%Likelihood is calculated by subtracting the expdcte
likelihood from the maximum observed likelihood.

Admixture with continuous

Parameter Admixture S
migration
Ancestral Ne 404,615 405,991
F. polyctena ancestral N. 236,539 270,578
F. aquilonia ancestral N: 349,028 481,289
"Older" F. polyctena Ne 237,798 241,900
"Older" F. aquilonia Ne 242,562 245,992
RecentF. polyctena Ne 59 113
Recent Hybrid Ne 96 193
RecentF. aquilonia Ne 177 284
Time of divergence 204,687 203,593
Time of admixture 19 36
Time of size change 196,987 200,721
Genetic input from F. polyctena 0.5663739 0.5573837
Genetic input from F. aquilonia 0.4336261 0.4426163
2Nm (Hybrid to F. polyctena) - 9.59E-06
2Nm (F. polyctena to Hybrid) - 5.15E-07
2Nm (F. aquilonia to Hybrid) - 3.74E-08
2Nm (Hybrid to F. aquilonia) - 5.79E-08
Ancestral 2Nm (F. aquiloniato F. 0.849027 0.9486129
polyctena)
LogLikelihood -1,822,728.332 -1,822,730.080
ALikelihood 914.143 915.891
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Supplementary Table 10 Maximum likelihood parameter estimates for the $eeawy Contact models concerning the origin
of the hybrid populations, tested with the datasetaining Pikkala and the Finniflormica polyctena andFormica aquilonia
parental populations. All effective sizes (Ne) green in number of haploids. Times are given in bemof generations.
Migration rates are scaled according to populagifiactive sizes (2Nm). Maximume-likelihood estimafes parameters are
taken from the run reaching the highest compoigdithood of the 100 runs performed. Likelihoods given in logarithmic
scale. Maximum observed likelihood for this datasefl,377,702.973ALikelihood is calculated by subtracting the expdcte
likelihood from the maximum observed likelihood.

(F. polyctena,

. . . F. aquilonia,
Parameter Trifurcation Hybr'ld),' Hyb(ri d), qF. polyctena
F. aquilonia
Ancestral Ne 422,019 407,868 406,798
F. polyctena ancestral N. 225,707 212,502 233,524
Hybrid ancestral Ne 414,707 - -
F. aquilonia ancestral N: 305,722 307,153 355,954
"Older" F. polyctena Ne - 55,038 32,175
"Older" hybrid N ¢ - 101,532 146,057
"Older" F. aquilonia Ne - 69,287 43,639
RecentF. polyctena Ne 42,210 189,730 110,760
Recent Hybrid Ne 11,406 3,420 4,475
RecentF. aquilonia Ne 69,419 197,472 146,797
Time of divergence 268,899 237,289 272,773
Time of divergence (Hybrid ) 19,129 i
from F. polyctena)
Time of dlverger_lce _(Hybrld ) i 14,470
from F. aquilonia)
Time of contact 17,464 18,350 10,443
Time of size change - 647 1,073
2Nm (Hybrid to F. polyctena) 3.64E-07 - 1.47E-07
2Nm (F. polyctena to Hybrid) 0.6424457 - 5.8603323
2Nm (F. aquiloniato Hybrid) 0.7183277 2.9147546 -
2Nm (Hybrid to F. aquilonia) 1.13E-05 3.66E-07 -
2Nm (7. aquilonia to F- 5.74E-06 2.01E-06 1.98E-04
polyctena)
2Nm (F. polyctenato . 0.0045192 0.0112385 2.80E-03
aquilonia)
Ancestral 2Nm . aquilonia ) 64714 1.050823 1.4402665
to F. polyctena)
LogLikelihood -1,379,960.87 -1,378,640.59 -1,378,994.04
ALikelihood 2,257.901 937.613 1,291.063
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Supplementary Table 11 Maximum likelihood parameter estimates for the Admunie models concerning the origin of the
hybrid populations, tested with the dataset comgirPikkala and the FinnisRormica polyctena and Formica aquilonia
parental populations. All effective sizes (Ne) green in number of haploids. Times are given in bemof generations.
Migration rates are scaled according to populagfiactive sizes (2Nm). Maximume-likelihood estimafes parameters are
taken from the run reaching the highest compoigditiood of the 100 runs performed. Likelihoods given in logarithmic
scale. Maximum observed likelihood for this datasefl,377,702.973ALikelihood is calculated by subtracting the expdcte
likelihood from the maximum observed likelihood.

Admixture with continuous

Parameter Admixture S
migration
Ancestral Ne 406,067 406,945
F. polyctena ancestral N; 223,299 273,118
F. aquilonia ancestral N: 355,254 347,083
"Older" F. polyctena Ne 291,274 291,695
"Older" F. aquilonia Ne 218,427 223,263
RecentF. polyctena Ne 103 129
Recent Hybrid Ne 134 153
RecentF. aquilonia Ne 337 357
Time of divergence 210,810 207,887
Time of admixture 37 43
Time of size change 113,472 137,129
Genetic input from F. polyctena 0.5888864 0.6155127
Genetic input from F. aquilonia 0.4111136 0.3844873
2Nm (Hybrid to F. polyctena) - 2.92E-06
2Nm (F. polyctena to Hybrid) - 5.15E-09
2Nm (F. aquilonia to Hybrid) - 1.72E-04
2Nm (Hybrid to F. aquilonia) - 0.3970062
Ancestral 2Nm (F. aquiloniato F. 0.801646 0.8374673
polyctena)
LogLikelihood -1,378,464.891 -1,378,474.028
ALikelihood 761.918 771.055
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Supplementary Table 12 Maximum likelihood parameter estimates for the $eeny Contact models concerning the
origin of the hybrid populations, tested with theaset containing LAngholmen W and the Finfishmica polyctena and
Formica aquilonia parental populations. All effective sizes (Ne) gieen in number of haploids. Times are given imber
of generations. Migration rates are scaled accgrttirpopulation effective sizes (2Nm). Maximum-likeod estimates for
parameters are taken from the run reaching theebigtomposite likelihood of the 100 runs performekelihoods are
given in logarithmic scale. Maximum observed likelbd for this dataset is -1,144,658.28Rikelihood is calculated by
subtracting the expected likelihood from the maximabserved likelihood.

(F. polyctena, (F. aquilonia
Parameter Trifurcation Hybrid), . '
L Hybrid), F. polyctena
F. aquilonia
Ancestral Ne 413,444 404,415 405,879
F. polyctena ancestral N; 255,747 215,583 222,377
Hybrid ancestral Ne 401,225 - -
F. aquilonia ancestral N: 305,592 305,473 314,629
"Older" F. polyctena Ne - 64,194 55,900
"Older" hybrid N ¢ - 177,575 131,325
"Older" F. aquilonia Ne - 81,193 84,701
RecentF. polyctena Ne 38,971 91,607 84,617
Recent Hybrid Ne 10,158 8,323 3,854
RecentF. aquilonia Ne 77,805 251,424 218,405
Time of divergence 278,755 231,376 206,806
Time of divergence (Hybrid ) 21738 i
from F. polyctena)
Time of d|verger'1ce '(Hybrld ) i 24,726
from F. aquilonia)
Time of contact 16,288 20,780 23,305
Time of size change - 2,266 851
2Nm (Hybrid to F. polyctena) 1.51E-05 - 0.3017295
2Nm (F. polyctena to Hybrid) 0.6570334 - 2.8048582
2Nm (F. aquilonia to Hybrid) 0.6774944 4.307785 -
2Nm (Hybrid to F. aquilonia) 3.9960E-05 1.27E-04 -
2Nm (F. aquiloniato F- 1.25E-05 0.0016129 6.75E-04
polyctena)
2Nm (. polyctenato - 7.85E-07 4.29E-09 6.35E-08
aquilonia)
Ancestral 2Nm . aquilonia ) 5700044 9.43E-01 7.69E-01
to F. polyctena)
LogLikelihood -1,149,183.231 -1,147,521.50 -1,147,467.010
ALikelihood 4,525.028 2,863.301 2,808.807
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Supplementary Table 13 Maximum likelihood parameter estimates for the Axtonie models concerning the origin of the
hybrid populations, tested with the dataset coirtgihdngholmen W and the Finni§lormica polyctena andFormica
aquilonia parental populations. All effective sizes (Ne) gieen in number of haploids. Times are given imber of
generations. Migration rates are scaled accordinmppulation effective sizes (2Nm). Maximum-likelid estimates for
parameters are taken from the run reaching theebigtomposite likelihood of the 100 runs performekelihoods are

given in logarithmic scale. Maximum observed likelbd for this dataset is -1,144,658.28Rikelihood is calculated by
subtracting the expected likelihood from the maximabserved likelihood.

Admixture with continuous

Parameter Admixture S
migration
Ancestral Ne 408,106 406,205
F. polyctena ancestral N. 267,746 230,663
F. aquilonia ancestral N: 358,894 323,846
"Older" F. polyctena Ne 223,182 256,805
"Older" F. aquilonia Ne 256,382 224,806
RecentF. polyctena Ne 117 175
Recent Hybrid Ne 116 159
RecentF. aquilonia Ne 206 340
Time of divergence 233,179 214,228
Time of admixture 36 50
Time of size change 92,010 31,785
Genetic input from F. polyctena 0.5496706 0.5293458
Genetic input from F. aquilonia 0.4503294 0.4706542
2Nm (Hybrid to F. polyctena) - 5.42E-06
2Nm (F. polyctena to Hybrid) - 2.52E-06
2Nm (F. aquilonia to Hybrid) - 4.59E-04
2Nm (Hybrid to F. aquilonia) - 2.34E-07
Ancestral 2Nm (F. aquiloniato F. 1.046214 0.7119682
polyctena)
LogLikelihood -1,147,133.678 -1,147,134.384
ALikelihood 2,475.475 2,476.181
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Supplementary Table 14 Maximum likelihood parameter estimates for the $eeawy Contact models concerning the origin
of the hybrid populations, tested with the dataseitaining LA&ngholmen R and the Finnistrmica polyctena andFormica
aquilonia parental populations. All effective sizes (Ne) gieen in number of haploids. Times are given inmber of
generations. Migration rates are scaled accordingopulation effective sizes (2Nm). Maximum-likedibd estimates for
parameters are taken from the run reaching theebigtomposite likelihood of the 100 runs perfornigkkelihoods are given
in logarithmic scale. Maximum observed likelihoad this dataset is -883,471.568. ikelihood is calculated by subtracting
the expected likelihood from the maximum obsenkelihood.

(F. polyctena,

. . . F. aquilonia,
Parameter Trifurcation Hybr'ld),' Hyb(ri d), qF. polyctena
F. aquilonia
Ancestral Ne 406,159 411,696 406,395
F. polyctena ancestral N. 249,110 221,617 253,880
Hybrid ancestral Ne 359,959 - -
F. aquilonia ancestral N: 311,983 314,804 360,014
"Older" F. polyctena Ne - 95,334 41,184
"Older" hybrid N - 208,042 104,447
"Older" F. aquilonia Ne - 113,978 50,568
RecentF. polyctena Ne 24,492 152,241 152,780
Recent Hybrid Ne 5,975 2,133 564
RecentF. aquilonia Ne 36,689 185,953 188,210
Time of divergence 263,104 203,648 208,595
Time of divergence (Hybrid ) 43,288 i
from F. polyctena)
Time of dlverger_lce _(Hybrld ) i 15,198
from F. aquilonia)
Time of contact 9,096 35,385 12,813
Time of size change - 565 148
2Nm (Hybrid to F. polyctena) 4.32E-05 - 5.38E-05
2Nm (F. polyctena to Hybrid) 0.5985248 - 4.2828787
2Nm (F. aquiloniato Hybrid) 0.5967169 3.9017825 -
2Nm (Hybrid to F. aquilonia) 3.5025E-08 0.0188780 -
2Nm (F. aquiloniato F. 0.0035626 0.3522846 0.2855615
polyctena)
2Nm (F. polyctenato . 4.61E-08 3.34E-08 0.0027451
aquilonia)
Ancestral 2Nm . aquilonia—; 5 4g-667 0.3545135 0.5127609
to F. polyctena)
LogLikelihood -888,805.413 -887,212.02 -887,116.789
ALikelihood 5,333.845 3,740.448 3,645.221
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Supplementary Table 15 Maximum likelihood parameter estimates for the Admunie models concerning the origin of the
hybrid populations, tested with the dataset comgihdngholmen R and the FinniBlrmica polyctena andFormica aquilonia
parental populations. All effective sizes (Ne) green in number of haploids. Times are given in bemof generations.
Migration rates are scaled according to populagfiactive sizes (2Nm). Maximume-likelihood estimafes parameters are
taken from the run reaching the highest compoigdithood of the 100 runs performed. Likelihoods given in logarithmic
scale. Maximum observed likelihood for this datdse883,471.568ALikelihood is calculated by subtracting the expdcte
likelihood from the maximum observed likelihood.

Admixture with continuous

Parameter Admixture S
migration
Ancestral Ne 425,785 414,391
F. polyctena ancestral N; 218,804 251,384
F. aquilonia ancestral N: 417,311 406,529
"Older" F. polyctena Ne 277,860 290,073
"Older" F. aquilonia Ne 215,480 202,620
RecentF. polyctena Ne 128 108
Recent Hybrid Ne 145 124
RecentF. aquilonia Ne 20,171 31375
Time of divergence 222,010 232,374
Time of admixture 48 41
Time of size change 201,597 171,429
Genetic input from F. polyctena 0.6508694 0.6498797
Genetic input from F. aquilonia 0.3491306 0.3501203
2Nm (Hybrid to F. polyctena) - 3.18E-08
2Nm (F. polyctena to Hybrid) - 1.80E-07
2Nm (F. aquilonia to Hybrid) - 1.09E-03
2Nm (Hybrid to F. aquilonia) - 1.12E-03
Ancestral 2Nm (F. aquiloniato F. 0.770525 09022162
polyctena)
LogLikelihood -886,877.549 -886,872.143
ALikelihood 3,405.981 3,400.575
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Supplementary Table 16 Maximum likelihood parameter estimates for the nOrigin” model, tested with all datasets.
All effective sizes (Ne) are given in number of leéghs. Times are given in number of generationgrstion rates are scaled
according to population effective sizes (2Nm). Maxm-likelihood estimates for parameters are takem fthe run reaching
the highest composite likelihood of the 100 runsfggened. Likelihoods are given in logarithmic scald ikelihood is
calculated by subtracting the expected likelihawanfthe maximum observed likelihood.

Parameter Langholmen W Bunkkeri + Pikkala + Bunkkeri +
+ Langholmen R Langholmen W Langholmen W Pikkala
Ancestral Ne 404,352 406,691 406,636 405,068
F. polyctena 279,281 208,897 230,995 220,531
ancestral Ne
F. aquilonia 322,204 428,417 463,201 478,486
ancestral Ne
Older” F. 259,630 183,460 217,564 167,326
polyctena Ne
Older” F. 202,592 221,971 214,824 223,294
aquilonia Ne
Ancestral" hybrid 94 865 1,261 1579
Ne
RecentF,\.Igolyctena 40 105 98 120
Recent Hyb1 Ne 21 163 134 251
Recent Hyb2 Ne 18 100 120 171
Rece”tFl\'l:q”"on'a 32,534 345 386 353
Time of divergence 271,601 293,771 288,905 296,577
Time of size change 256,974 290,220 286,032 291,931
Time of admixture 16 40 37 45
Time of divergence
(HybL/Hyb?) 4 27 34 43
Genetic input from
F. polyctena to Hyb. 0.6846918 0.5820877 0.6249366 0.5803086
Ancestral
Genetic input from
F. aquilonia to Hyb. 0.3153082 0.4179123 0.3750634 0.4196914
Ancestral
Ancestral 2Nm (.
aquiloniato F. 1.4875566 1.4897768 1.5956263 1.6074507
polyctena)
Max. Observed 693 262061  -1,201,308.181  -1,001,623.462  -1SD108
Likelihood
Expected
Likelihood -697,084.18 -1,294,945.22 -1,004,297.98 -1,511285.
ALikelihood 3,822.123 3,637.041 2,674.521 2,176.186
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Supplementary Table 17 -Maximum likelihood parameter estimates for the @pdndent Origins” model, tested with all
datasets. All effective sizes (Ne) are given in banof haploids. Times are given in number of gati@ns. Migration rates
are scaled according to population effective s{28bn). Maximum-likelihood estimates for parametans taken from the run
reaching the highest composite likelihood of th@ funs performed. Likelihoods are given in logaritt scale ALikelihood

is calculated by subtracting the expected likelthébom the maximum observed likelihood.

Langholmen W

Parameter + Langholmen Bunkkeri + Pikkala + Bunkkeri +
gR Langholmen W Langholmen W Pikkala
Ancestral Ne 421,058 404,781 418,964 404,423
F pO'VCter,:Iaeances”a' 285,725 232,964 216,549 217,188
F aq“"onlllaeances‘”a' 342,327 369,004 325,280 355,582
Older Ze polyctena 196,118 195,966 193,630 192,074
Older Z‘e aquilonia 176,855 194,961 194,435 195,325
F. polyctena Ne 224,301 237,725 227,749 185,924
F. aquilonia Ne 212,286 58,709 157,543 111,357
RecentF. polyctena 85 97 102 111
Ne
Recent Hybl Ne 157 221 188 218
Recent Hyb2 Ne 124 134 123 159
Recem':l\'lzq“"on'a 29,437 546 440 346
Time of divergence 250,956 264,120 277,720 231,839
Time of size change 221,407 256,045 264,695 218,637
Time of admixture
Hyb1) 38 38 48 40
Time of admixture
(Hyb2) 34 37 36 41
Genetic inputfrom = 2050315 0.6195929 0.615766 0.6012129
F. polyctena to Hyb1
Genetic input from 0.2337685 0.3804071 0.384234 0.3987871
F. aquilonia to Hyb1
Genetic input from 0.7804881 0.676826 0.6352043 0.6149353
F. polyctena to Hyb2
Genetic input from 0.2195119 0.323174 0.3647957 0.3850647
F. aquilonia to Hyb2
Ancestral 2Nm (.
aquilonia to F. 2.0293141 1.6793124 1.4669882 1.4914614
polyctena)
Max. Observed 693,262.061  -1,291,308.181  -1,001,623.462 -1, I8
Likelihood
Expected Likelihood -699,172.90 -1,295,106.47 -1,004,396.69 -1,5114862.
ALikelihood 5,910.837 3,798.286 2,773.232 2,303.385
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