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Abstract

Speciation is one of the most fundamental evolutionary processes, as it creates biodiversity.
Gene flow, or introgression, can bring genetic novelty into recipient species, and hence promote
adaptation, while simultaneously being antagonistic to establishment of reproductive isolation
between the hybridising species. Gene flow is believed to be especially important for speciation in
plants. Studying genomes of diversifying lineages enables the identification of the genomic
footprints of gene flow, which facilitates disentangling its role for speciation from that of other
evolutionary forces, such as selection and genetic drift. This remains challenging in non-model and
nonvascular plants, where comprehensive genomic resources are lacking, and the role of gene flow
for speciation remains poorly understood. In this thesis, I study speciation with gene flow on the
genomic level in a bryophyte genus of peatmosses. Peatmosses (Sphagnum) are described by recent
rapid diversification, frequent hybridisation, ancient history, phenotypic and ecological plasticity,
and huge ecological importance. The combination of these features makes them an excellent model
for studying the genomics of speciation in general, and the long-standing question of the
evolutionary significance of introgression in particular.

First, I explored the extent of gene flow in the genus and its relation to phylogenetic
divergence and variation in key life-history traits of the hybridising species, based on the published
literature. I showed that hybridisation is very common in the genus, but mostly takes the form of
allopolyploid hybridisation, where two haploid species produce a diploid hybrid species. I also found
that species with monoicous and polyocious mating systems, high sporulation frequency and smaller
spores that prefer poor habitats tend to produce more hybrids than other species. However, variation
in key life-history traits and phylogenetic relatedness do not fully explain the occurrence of
hybridisation in the genus. Then, I focused on the relative importance of introgression, in the form of
hybridisation without change in chromosome number, for genome evolution compared to stochastic
coalescent processes. I sampled populations of twelve haploid species representing all Sphagnum
subgenera and performed low-coverage whole-genome sequencing. Contrary to expectations, I did
not find evidence of widespread recent gene flow. Instead, the results suggest that ancestors of the
extant subgenera exchanged genes in the past, which might have fueled rapid radiation of the genus.
I also demonstrated extensive genome-wide phylogenetic discordance, which was due to incomplete
sorting of ancestral polymorphism following the rapid radiation of the genus, and not due to gene
flow. Finally, I tested how selection and genomic architecture influenced genome evolution in these
twelve species. I described and compared the genomic distribution of diverse measures of genetic
diversity, phylogenetic discordance and density of genomic features. The results suggest that genome
evolution was likely constrained by conserved genomic architecture, leading to similar effects of
linked selection in different species.

Overall, the findings suggest that, in contrast to many other groups with a known history of
hybridisation, gene flow is not a prominent driver of genome evolution in peatmosses relative to
selection and incomplete lineage sorting, at least not in the studied species. The results also
corroborate the idea suggested in other studies that evolutionary processes in land plants may be
universal, since rapid radiation creates very similar phylogenomic patterns across bryophytes and
angiosperms. I suggest that the genome evolution in Sphagnum might involve strong positive
divergent selection and gene flow in the ancestor populations, whereas at the later stages of
speciation, their genomes became shaped mainly by purifying selection and incomplete lineage
sorting, constrained by genomic architecture.



Abstrakt

Artsdannelse er en av de mest grunnleggende evolusjonare prosessene siden den skaper
biologisk mangfold. Genflyt, eller introgresjon, kan gi nyskapning i de involverte artene, og dermed
fremme tilpasning, samtidig som det kan hindre etablering av reproduktiv isolasjon mellom
hybridiserende arter. Genflyt antas & veere spesielt viktig for artsdannelse i planter. A studere
genomer hos divergerende linjer, gjor det mulig 4 identifisere de genomiske fotsporene av genflyt,
noe som gjer det mulig & lasrive dens rolle for artsdannelse fra andre evolusjonzare krefter, som
seleksjon og genetisk drift. Dette er fortsatt utfordrende 1 ikke-modellplanter og ikke-vaskulare
planter, der omfattende genomressurser mangler, og rollen som genflyt har for artsdannelse, fortsatt
er darlig forstatt. I denne doktorsavhandlingen studerer jeg artsdannelse med genflyt pa genomisk
niva 1 torvmoser. Torvmoser (Sphagnum) er beskrevet med nylig, rask oppsplittelse, hyppig
hybridisering, lang evolusjoneer historie, fenotypisk og skologisk plastisitet og enorm gkologisk
betydning. Kombinasjonen av disse funksjonene gjor dem til en utmerket modell for & studere
genomikk av artsdannelse generelt, og det mangearige spersmalet om evolusjonar betydning av
introgresjon, spesielt.

Forst brukte jeg publisert litteratur for 4 utforske omfanget av genflyt i slekten, ogsa i forhold
til fylogenetisk divergens og variasjon i viktige livshistorieegenskaper hos hybridiserende arter. Jeg
viste at hybridisering er veldig vanlig 1 slekten, som for det meste tar form av allopolypoid
hybridisering, der to haploide arter produserer en diploid hybridart. Jeg fant ogsa at arter som er
monoike og polyoike, har hey sporeproduksjon og sma sporer, og som foretrekker fattige habitater,
har en tendens til & produsere flere hybrider enn andre arter. Imidlertid forklarer variasjon 1 viktige
livshistorieegenskaper og fylogenetisk sammenheng ikke forekomsten av hybridisering 1 slekten.
Deretter fokuserte vi pa den relative betydningen av introgresjon, 1 form av hybridisering uten
endring 1 kromosomtallet, for genomutvikling sammenlignet med stokastiske koalescerende
prosesser. Jeg samlet populasjoner av tolv haploide arter som representerer alle
Sphagnum-underslekter og utferte sekvensering av hele genomet med lav dekning. Jeg fant ikke
bevis for utbredt nylig genflyt, men at forfedre til de eksisterende underslektene utvekslet gener
tidligere, noe som kan ha drevet rask oppsplitting i slekten. Jeg demonstrerte ogsa omfattende
fylogenetisk uoverensstemmelse 1 hele genomet, som skyldtes ufullstendig sortering av forfedres
polymorfisme som folge av den raske oppsplittingen, og ikke pa grunn av genflyt. Til slutt testet jeg
hvordan seleksjon og genomisk arkitektur pavirket genomutviklingen i disse tolv artene. Jeg beskrev
og sammenlignet den genomiske fordelingen av forskjellige malinger av genetisk mangfold,
fylogenetisk uoverensstemmelse og tetthet av genomiske egenskaper. Resultatene antyder at
genomutvikling sannsynligvis var begrenset av bevart genomisk arkitektur, noe som forte til
lignende effekter av koblet seleksjon 1 forskjellige arter.

Samlet sett antyder funnene mine, 1 motsetning til 1 mange andre grupper med kjent
hybridiseringshistorie, at genflyt ikke er en fremtredende driver for genomutvikling 1 torvmoser 1
forhold til seleksjon og ufullstendig sortering, 1 det minste ikke 1 de studerte artene. Resultatene
bekrefter ogséa ideen om at evolusjonzre prosesser 1 planter kan veare universelle, siden rask
oppslitting skaper veldig like fylogenomiske menstre pa tvers av forskjellige plantegrupper. Jeg
foreslar at genomutviklingen 1 Sphagnum var drevet av sterk positiv divergerende seleksjon og
genflyt hos stamformene, mens ved nylig artsdannelse er genomene formet hovedsakelig av rensende
seleksjon og ufullstendig sortering, begrenset av genomisk arkitektur.
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Introduction

The role of introgression for speciation

Speciation generates biodiversity, and hence constitutes one of the most fundamental and
important evolutionary processes. For many decades, the establishment of absolute reproductive
isolation was viewed as crucial for subdivided populations to diverge into separate species, which
was thought to be impossible without spatial separation (reviewed in Coyne and Orr 2004). In recent
years, however, numerous studies have revealed speciation with past or ongoing gene flow at the
same geographical scale in many taxa (reviewed by Morjan and Rieseberg 2004, Arnold 2006, and
Feder et al. 2012). The idea of speciation occurring without complete geographical and reproductive
isolation has eventually become more accepted (Noor and Bennett 2009; Sousa and Hey 2013;
Ravinet et al. 2017), whereas incontestable evidence of true primary speciation with gene flow is still
missing (reviewed by Foote 2018). Nevertheless, gene flow is a potent evolutionary force, as it
enhances genetic diversity of recipient species and transfers genetic adaptations, which can reinforce
adaptation and reproductive barriers (Coyne and Orr 1998; Soltis et al. 2009), and propel rapid
radiations (reviewed by Marques et al. 2019). Introgressive hybridisation is particularly common and
important in plants (Coyne and Orr 2004; Ellstrand 2014; Yakimowski and Rieseberg 2014), where
polyploid hybridisation is one of the most common speciation mechanisms (Soltis et al. 2009; Soltis
et al. 2014; Alix et al. 2017).

The development of next-generation sequencing technologies unlocked studying speciation
and gene flow on the genomic level, which has drastically widened our knowledge about the
processes underlying diversification (Seehausen et al. 2014; Wolf and Ellegren 2017; Jiggins 2019).
In plants, however, such studies are mostly associated with crop species (e.g. Huang et al. 2012;
Owens et al. 2016; Z.-Y. Ma et al. 2018), and few model species groups, most of which are vascular
plants, e.g. Arabidopsis (Novikova et al. 2016), monkeyflowers (Stankowski and Streisfeld 2015),
and poplars (T. Ma et al. 2018), but also the moss Physcomitrella patens (Beike et al. 2014). There is
a profound lack of genomic studies of speciation and introgression in non-model and non-vascular
plant species.

The speciation-with-gene-flow model

Genomic studies of speciation are often focused on genome scans, i.e. identifying genomic
regions which have higher than genome-average degrees of genetic differentiation. This approach
can potentially inform about processes of past and ongoing adaptation, as well as formation of barrier
loci (Nosil and Feder 2012). Normally, genetic differentiation between species is highly variable
across the genome, where some regions display elevated differentiation relative to the rest of the
genome (see Seehausen et al., 2014 for a review). Under the so-called speciation-with-gene-flow
model, such regions of accentuated differentiation are viewed as the result of speciation via divergent
selection, which leads to gradual establishment of barriers to gene flow at these loci (reviewed by
Feder et al. 2012). The rest of the genome remains permeable to and homogenised by gene flow (Fig.
1). This pattern has been described in many groups of closely-related species, where hybridisation is
frequent, for example, in insects (Michel et al. 2010; Martin et al. 2013; Riesch et al. 2017),
gastropods (Butlin et al. 2014), fish (Jones et al. 2012), marine mammals (Arnason et al. 2018), and
flowering plants (Stankowski et al. 2015).
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The linked selection model

It has recently been shown that the heterogeneous differentiation landscape does not always
evolve in association with the speciation process (reviewed by Noor and Bennett 2009; Harrison and
Larson 2016; Burri 2017). Instead, the variation in genome-wide differentiation can be conjectured
by the distribution of structural features and recombination rates across the genome, which predefine
the effects of selection or gene flow (Nachman and Payseur 2012; Cruickshank and Hahn 2014;
Jiggins 2019). Positive and purifying (background) selection reduces genetic diversity and effective
population sizes (Fig. 2A) at sites linked to its actual targets (Smith and Haigh 1974; Charlesworth et
al. 1993), which also leads to a local increase of among-species differentiation (Fig. 2B, C). This
linked effect of selection is amplified in genomic regions where recombination rate is low, and the
density of selection targets is high (Kaplan et al. 1989; Begun and Aquadro 1992; Payseur and
Nachman 2002). With time since the speciation event, selection occurs recurrently, and its effect on
the linked sites accumulates and becomes even stronger (Fig. 2D). Under this linked selection model,
the distribution of genetic differentiation can be predicted by variation in genomic architecture
(Schrider 2020). If the latter is highly conserved across diversifying lineages, they would be
experiencing similar outcomes of selection processes on the genomic landscape of diversity, which
they inherited from the ancestral population (Fig. 2). Consequently, the genomic landscapes of
differentiation in these lineages would be very similar to one another (Burri 2017). Such
heterogeneous differentiation landscapes, highly correlated across a speciation continuum, have been
described in various organisms, such as birds (Burri et al. 2015; Han et al. 2017; Delmore et al.
2018), insects (Kronforst et al. 2013; Martin et al. 2013; Edelman et al. 2019), and vascular plants
(Renaut et al. 2013; Stankowski et al. 2019). Therefore, studying diversification in groups with a
known history of hybridisation requires considering the genome structure in addition to
introgression.

Studying the drivers of genome evolution during diversification

Gene flow leaves traces in the genome, which must be identified and quantified in order to
study its role for speciation. These traces might look very similar to those resulting from incomplete
lineage sorting (ILS), which describes the pattern when the most recent common ancestor of two
lineages is older than the speciation event between the species from which they are sampled (Allman
etal. 2011). ILS is very common in recently diverged groups, and results in retention of ancestral
polymorphism, which leads to decreased differentiation. ILS can be wrongly interpreted as the effect
of gene flow, therefore the effects of ILS must be taken into account when testing for introgression.
Most of the robust methods developed to differentiate between the two (Green et al. 2010; Durand et
al. 2011; Edelman et al. 2019) require the correct branching order among the species to be known
(Fontaine et al. 2015; Edelman et al. 2019). The reconstruction of species relationships in the
presence of either gene flow or ILS remains challenging (Fontaine et al. 2015; Li et al. 2019), which
in turn makes it difficult to quantify the level of introgression among the species.

When its signal in the genome is identified, the most compelling question about gene flow is
its relative importance for diversification in comparison with other evolutionary forces, such as
selection and ILS. Insights into this question can be gained by characterising patterns of the
genome-wide variation in genetic diversity and phylogenetic discordance in various species across a
speciation continuum (e.g. Pease et al. 2016; Han et al. 2017; Edelman et al. 2019; Stankowski et al.
2019; Vianna et al. 2020). Speciation-with-gene-flow and the linked selection models, although not
mutually exclusive, imply different relationships among various measures of genetic diversity, such
as nucleotide diversity, differentiation and divergence, in relation to the distribution of phylogenetic
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Fig. 1. The formation of a genomic region of accentuated differentiation under the speciation-with-gene-flow
model. Different alleles present in the population at the corresponding locus are represented by coloured
circles. These alleles segregate between the diverging populations, which is represented by branching. Gene
flow (represented by arrows) leads to reduction of differentiation (/) at the corresponding loci compared to
elevated differentiation at the loci associated with barriers to gene flow, where selection is acting against gene
flow. Adapted from Wolf and Ellegren (2017).
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Fig. 2. Genomic landscapes of genetic diversity (, in blue), differentiation (F;, in green), and
recombination (in black) on three chromosomes of hypothetical populations at different stages of
differentiation under the linked selection model. (A) Genetic diversity and heterogeneous recombination
landscapes before (dashed line) and after (solid line) the action of linked selection. (B) Genomic landscapes of
diversity and differentiation after a speciation event. Green arrows represent lineage sorting, dashed and solid
lines represent differentiation before and after lineage sorting, respectively. Before lineage sorting, « in the
descendent populations (m,,) is the same as m in the ancestral population (r, ) (C) Positive selection occurs in
one of the populations, leading to elevated differentiation in one chromosome. (D) At the earlier stages of
speciation, background selection had limited effect on diversity and differentiation. With time, long-term
effects of linked selection lead to stronger increase in differentiation in regions with low recombination
compared to the rest of the genome. Adapted from Burri (2017).
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discordance and structural features in the genome (Burri et al. 2015; Han et al. 2017). Furthermore,
under the linked selection model only, correlations can be observed in genomic landscapes of
differentiation among numerous species in a group, given karyotypes and chromosome structure are
conserved (Cutter and Payseur 2013; Burri 2017). Since linked effects of selection influence the rate
of lineage sorting at the affected sites, the distribution of phylogenetic discordance in the genome
might reflect preceding selection processes, and the strength of ILS (Pollard et al. 2006; Slatkin and
Pollack 2006; Hobolth et al. 2011; Wang and Hahn 2018). Implementing this approach requires
high-quality genomic data, among others. Therefore, the research on genome evolution during
diversification and introgression is mostly focused on established and relatively well-studied model
organisms, while little is known about how speciation with gene flow proceeds in other organisms,
especially non-model plants, where interspecific hybridisation is commonly observed.

Study system

A group with high potential for studying speciation with gene flow is the peatmosses
(Sphagnum L., Sphagnaceae, Bryophyta), a bryophyte genus comprising numerous (almost 300)
species with wide geographical distributions (Michaelis 2019). Peatmosses are highly ecologically
variable across their habitats and exhibit high phenotypic plasticity (Cronberg 1998; Stengien et al.
2014; Johnson et al. 2015; Kyrkjeeide et al. 2015; Yousefi et al. 2017; Yousefi et al. 2019). This
remarkable species diversity and variability originated rapidly and relatively recently (7-20 Ma,
Shaw et al. 2010). Extant Sphagnum species play a key role in global carbon balance and climate
(Weston et al. 2015), since the peatlands they form store at least 25% of all terrestrial carbon (Yu et
al. 2010; Glime 2017). Genomes of peatmoss species are haploid, with relatively small, stable sizes
(0.39-0.49 pg DNA, Temsch et al. 1998) and chromosome numbers (19n, Fritsch 1991), which
enables their side-by-side comparison. In many peatmosses, intraspecific genetic structure across
their intercontinental distributions is weak, which has been explained by past and ongoing
introgression due to long-distance dispersal, as well as by ILS due to their large effective population
sizes (Sundberg 2000; Szovényi et al. 2008; Stengien et al. 2011; Karlin et al. 2013; Shaw et al.
2014; Kyrkjeeide et al. 2016). In turn, interspecific introgression is thought to cause difficulties in
species delimitation and phylogenetic inference in the genus (Ricca et al. 2011; Shaw et al. 2012;
Karlin et al. 2014). There is evidence of past and extant hybridisation and polyploid speciation in
peatmosses (e.g. Cronberg and Natcheva 2002; Flatberg et al. 2006; Natcheva and Cronberg 2007,
Karlin et al. 2009; Szurdoki et al. 2014; Yousefi et al. 2017; Kyrkjeeide et al. 2019), whereas several
whole genome duplication events have likely contributed to the rapid diversification of
Sphagnopsida (Devos et al. 2016). However, most genetic studies on Sphagnum are focused on
phylogeography, adaptation, species delimitation or allopolyploid speciation, rather than interspecific
introgression per se, and are based on a small number of genetic markers. The extent of interspecific
introgression without change in chromosome number in peatmosses remains largely unknown, as are
the factors promoting hybridisation in these plants. Finally, the most compelling question is the
implications of gene flow for speciation in peatmosses.

Reproductive biology of peatmosses is important for understanding their evolutionary
history. Mosses have a haploid-dominant life cycle with a photosynthetically autonomous, haploid
gametophyte and an unbranched, diploid sporophyte, which develops on and depends on the
gametophyte (see Fig. 3 for schematic illustration of the life cycle in mosses). Sexual reproductive
organs develop on the gametophyte and produce gametes mitotically. In Sphagnum, most species are
dioecious, or unisexual (Wyatt and Anderson 1984), and many are monoicous (or bisexual),
exhibiting both outcrossing and self-fertilisation. As gametes of a single plant are genetically
identical, offspring produced by self-fertilisation of a monoecious gametophyte are homozygous at
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every locus (Shaw and Goffinet 2000). In Sphagnum, the level of intragametophytic selfing is very
high, but monoecious species are also commonly involved in mixed mating, in contrast to
angiosperms (Johnson and Shaw 2015). After sexual reproduction, a diploid sporophyte develops on
a mother gametophyte, where spores are produced meiotically from spore mother cells. Mature
spores are explosively discharged (Nawaschin 1897; Goffinet and Shaw 2008; Sundberg 2010a),
dispersed by wind, and eventually become established, producing one or more genetically identical
gametophytes.

/\ Gametophyte generation

| y

Sporophyte generation

Fig. 3. Life cycle in mosses. Key: 1, haploid gametophyte, 2, male reproductive organs (antheridia) with
sperm cells, 3, female reproductive organs (archegonia) with egg cells, 4, diploid zygote, 5, diploid
sporophyte, 6, haploid spores, 7, spores germination into protonema. Adapted from Tomas Kebert &
umimeto.org, CC BY-SA 4.0 https://commons.wikimedia.org/wiki/File:Moss_life _cycle.svg and LadyofHats
https://commons.wikimedia.org/wiki/File:Lifecycle moss svg diagram.svg.

Such a life cycle accelerates the efficacy of natural selection in peatmosses, through which
genes are directly exposed to selection during the haploid-dominant phase and cannot be sheltered by
a dominant allele (Sz6vényi et al. 2013; Johnson and Shaw 2015). In addition to sexual reproduction,
peatmosses often reproduce vegetatively, i.e. clonally (During 1990; Cronberg 1996; Cronberg 1998;
Steneien and Séastad 2001; Cronberg et al. 2006; Gunnarsson et al. 2007; Liu et al. 2014), which
leads to decreased effective recombination rate and, hence, stronger effects of linked selection on the
peatmoss genome. Altogether, strong effects of gene flow, ILS and linked selection can be expected
in the peatmoss genomes.

Hypotheses about speciation-with-gene-flow in Sphagnum

Several factors, including some of the life-history traits described above, may have profound
evolutionary implications in peatmosses. Firstly, phylogenetic relatedness between the hybridising
species may affect the evolutionary consequences of hybridisation. The degree of divergence
between the species tends to strengthen reproductive isolation between them (Coyne and Orr 1997),
hence, closely related species are more likely to engage in interspecific hybridisation. Postzygotic
reproductive isolation takes millions of years to develop in plants, especially in long-lived ones
(Levin 2012). Since peatmoss species have long generation times, phylogenetic relatedness is not
expected to be a strong constraint to gene flow in these plants. Secondly, haploid-dominant plants
with a self-fertilising mating system diversify faster and purge genetic load more effectively
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compared to strictly outcrossing ones (McDaniel et al. 2013; Szévényi et al. 2014). Mating system
can also influence the effective population size, which might facilitate population subdivision
(Twyford et al. 2014). In mosses, mating system strongly influences sporulation frequency (Longton
1992), which may modulate gene flow rates (Stengien and Sastad 1999; Steneien and Sastad 2001).
In turn, size and colour of spores influence their viability and dispersal (Sundberg and Rydin 2000;
Sundberg 2010b), and therefore might affect the levels of gene flow. It is currently unclear if these
and other life-history traits, as well as phylogenetic distance, are associated with the occurrence and
the extent of interspecific gene flow in peatmosses.

Based on current knowledge, several hypotheses about the factors influencing genome
evolution during peatmoss diversification can be put forward. One may expect gene flow to be a
common and important factor for speciation in the group, and its strength to be defined by
phylogenetic relatedness and/or life-history traits of the hybridising species, with several traits
making introgression more likely. Therefore, the genomic landscape of diversification is expected to
correspond to the predictions of the speciation-with-gene-flow model. Alternatively, given their
recent rapid radiation, genome evolution in peatmosses may have been mainly influenced by ILS,
with only a small role for gene flow. As another possibility, selection, namely by its linked effects,
may have been the main force shaping the genomic landscape of diversification in Sphagnum.
Finally, if the genomic architecture is highly conserved across the species, one can expect the
genome evolution to follow a similar path across different species in the group. Most of these
hypotheses are mutually compatible in one way or another. The papers presented in this thesis
address these hypotheses, and seek to elucidate the relative importance of the factors listed above for
diversification in Sphagnum.
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Aims of the thesis

The goal of the thesis is to explore how well the speciation-with-gene-flow model explains
genome evolution during diversification of a highly diverse, rapidly radiated group of peatmosses
(Sphagnum). Specifically, I aim to answer the following questions:

1) How frequent is interspecific hybridisation in the group? (Paper I)
2) Is interspecific gene flow constrained by phylogenetic relatedness between the hybridising

species? (Paper I, Paper II)

3) How is the potential for hybridisation of a peatmoss species associated with their life-history

traits? (Paper I)

4) Is interspecific gene flow a prominent driver of diversification in Sphagnum? (Paper I1, Paper

111)

5) How important is gene flow for genome diversification in Sphagnum relative to:
a) Incomplete lineage sorting (Paper II, Paper III)
b) Linked selection (Paper III)
¢) Genomic architecture (Paper III)
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Summary of the papers

Paper I

In this study, we summarise the current knowledge about hybridisation in peatmosses to
estimate its extent and association with phylogenetic relatedness and life-history trait variation of the
hybridising species. We did this by collecting published evidence of interspecific hybridisation and
allopolyploid speciation in peatmoss species.

This information was then used to calculate two coefficients of hybridisation for each
subgenus, providing a minimum and a maximum estimate of the extent of hybridisation. We found
that there were 44 cases of hybridisation reported in peatmosses, most of which were allopolyploid
hybrid species (82%). In total, 37 parental species were reported, each producing from one to four
hybrids. Hybridisation is common within all and among most subgenera, with up to 21% of all
peatmoss species potentially involved. Since many of the allopolyploid hybrids are of unknown
origin, this number might be greatly underestimated. Next, to assess if the degree of divergence
imposes constraints on hybridisation in peatmoss species, we estimated phylogenetic distance
between the parental species as the average number of nodes separating them on all published
phylogenetic trees. We found that parents of allopolyploid hybrids are less closely related to each
other than parents of admixed haploid hybrids, albeit insignificantly.

Finally, we collected data on seven life-history traits of the parental species, such as mating
system type, sporulation frequency, spore colour and sizes, position of a species along the mire water
table and the nutrient gradients. We then performed factorial analysis of mixed data (FAMD) to test
for association between these traits and the intensity of hybridisation, the latter calculated as the
number of hybrids produced by a parental species. This analysis showed that variables such as
subgenus and spore colour contribute the most to the variation in life-history traits between the
parents, followed by maximum spore size, mating system and sporulation frequency. Only 2.6% of
variance between species was explained by the intensity of hybridisation. We found an association
between the intensity of hybridisation and key life-history traits, since the FAMD analysis showed
that more hybrids are produced by species with monoicous and polyocious mating systems, high
sporulation frequency and smaller spores that prefer poor habitats than by other species.

Opverall, neither phylogenetic relatedness nor life-history trait variation fully explain the
occurrence of hybridisation in Sphagnum. We then discuss the observed diverse modes of
hybridisation and its potential evolutionary implications and causes, highlighting the need for more
studies on the occurrence of hybridisation in peatmosses, and reproductive biology and ecology of
hybridising species.

Paper 11

In this study, we focus on interspecific introgression and its importance for diversification
relative to incomplete lineage sorting (ILS) in peatmosses. To do this, we sampled
sympatric/parapatric and allopatric populations of 12 commonly occurring haploid peatmoss species
at three geographical scales in Europe (190 samples in total). We performed low-depth Illumina
sequencing, and obtained whole nuclear, plastid and organellar genomes for all samples and an
outgroup.

First, we explored genetic differentiation among the species based on single-nucleotide
polymorphisms (SNPs) and genotype likelihoods using principal component analysis, ADMIXTURE
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analysis and population differentiation estimates (/). These analyses revealed neither evidence for
strong genetic structure within nor substantial admixture between species, and demonstrated that all
studied species are highly differentiated from one another.

Next, we reconstructed phylogenetic relationships among the species based on concatenated
nuclear SNPs, and plastid SNPs. We obtained very highly supported, but topologically conflicting,
phylogenies, with each species forming a strongly supported monophyletic clade. We observed
cytonuclear discordance regarding both the relationships among the subgenera, and the placement of
individual species. Therefore, we used a coalescent-based method to reconstruct the species tree
based on 988 arbitrary genes, which resulted in the same species tree as our concatenation-based
analysis. We also reconstructed trees from 1774 100-kb consecutive sliding windows. We found
extensive genome-wide discordance, with only 0.1% of the gene trees and 2.4% of the sliding
window trees matching the species tree topology. The discordance was more pronounced in deeper
nodes in the phylogeny. Taken together, these findings strongly suggest that the discordance results
from ILS due to the rapid radiation of the genus.

Finally, we employed a suite of various tests for recent and ancient introgression, i.e.
D-statistics, Dy, statistics, the f3 statistics, and TreeMix analysis. In addition, we used a recently
described QuIBL method, which uses the distribution of internal branch lengths in triplets of species
to differentiate between ILS and gene flow causing phylogenetic discordance. We found that levels
of post-speciation introgression were very low, and less than 1% of discordant loci were
introgressed. The D, analysis revealed evidence of ancient introgression among the ancestors of
the subgenera.

The study demonstrates that, in contrast to many groups with a known history of
hybridisation, post-speciation gene flow is not the main cause of phylogenetic discordance in
Sphagnum. In turn, rapid radiation seems to create a phylogenomic pattern in peatmosses very
similar to that in other bryophytes and angiosperms, which supports the idea of evolutionary
processes among land plants suggested by earlier studies in bryophytes (Medina et al. 2018).

Paper 111

In this study, we characterise the processes shaping genome evolution in 12 peatmoss species
based on the sequencing data we generated in Paper II. We use the data to estimate nucleotide
diversity (ir), Tajima’s D, and F, for each species and pairwise species comparisons based on site
frequency spectra in 1774 100-kb consecutive sliding windows. We also calculated divergence (dyy)
for all pairwise species comparisons.

For each of the statistics, the genome-wide distributions were very similar among the species
or species comparisons. Hence, we carried out principal component analyses to summarise the
interspecific variation in a single genomic landscape for each statistic, and to describe the strength of
the correlation among the species. This analysis was performed on the sliding-window calculations
of pairwise F; and dy (66 pairwise comparisons each), and all within-species calculations of 7 and
Tajima’s D. For each of these statistics, the genomic landscapes were highly correlated across the
species or pairwise comparisons, with most of the variation explained by the first principal
component (73%, 73%, 56% and 57% for F;, dyy, & and Tajima’s D, respectively). Such correlated
landscapes suggest that genome evolution in peatmosses might be constrained by conserved genomic
architecture, which leads to similar effects of selection, gene flow, or ILS in different species.

To investigate the relative contributions of these processes in shaping the diversification
landscapes, we assessed how the calculated statistics are distributed across the genome and co-vary
in relation to gene density and phylogenetic discordance. The discordance was calculated as the
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number of steps required to convert a sliding-window tree into the species tree, reconstructed in
Paper II. We observed a pattern where a small number of less differentiated “valleys” are present in
an otherwise highly differentiated landscape, which is similar to those discovered in studies
describing the late stages of speciation. In turn, 5z, Tajima’s D, and d., followed the opposite pattern,
with peaks coinciding with the F, valleys. We found no systematic difference between the
distribution of F; between allopatric and sympatric comparisons, suggesting that these valleys do
not originate from recent gene flow.

The patterns of covariation among the statistics strongly suggest that the genomic landscape
of diversification has been shaped by recurrent linked selection, instead of recent gene flow. Namely,
we found that regions with higher gene density have lower phylogenetic discordance (rg=-0.31,
p<0.0001), divergence and diversity (rg=-0.78 and rg=-0.25, respectively, p<0.0001), and higher
differentiation (rs=0.1, p<0.0001). We also found that d was positively correlated with 7z and
weakly negatively with F; (rg=0.29 and rg=-0.12, respectively, p<0.0001). Selection at target sites
leads to reduced diversity at linked sites, and therefore to decreased divergence. This leads to locally
accelerated lineage sorting, resulting in better correspondence to the species tree. Such linked effects
of selection are even more pronounced in the regions with high density of selection targets and low
recombination when selection occurs repeatedly. The majority of peatmosses are haploid, and
therefore effective purifying selection is expected in these plants, especially in predominantly selfing
species.

Finally, we found a stronger skew toward an excess of rare alleles (more negative Tajima’s
D) in regions with higher gene density (r;=-0.16, p<0.0001), which might signify the traces of
selective sweeps. We further tested for evidence of directional positive selection, as well as ILS, by
performing autocorrelation analyses. The analyses did not reveal the blocks of spatially aggregated
windows with concordant trees expected under positive selection, although it suggested that the
underlying density of functional genomic features might not be detectable at the scale we used.

Based on all these findings, we conclude that genome evolution in the studied peatmosses has
mainly been shaped by long-term effects of linked selection, constrained by conserved genomic
architecture. We suggest that at the early stage of diversification of the studied species, positive
selection and gene flow were likely more important, whereas with time, background selection and
ILS became the main drivers shaping the conserved genomic landscapes of diversification across the
studied species.

22



Discussion

Introgressive hybridisation is an important evolutionary mechanism in many organisms.
Given the complexity of speciation processes, especially those accompanying rapid radiations, the
role of introgression for diversification should be considered from different angles. In this thesis,
patterns of interspecific hybridisation and introgression in peatmosses are summarised and
characterised in relation to phylogenetic relatedness and life-history traits of the participating
species, as well as to other evolutionary forces, such as selection and ILS. We showed that many
peatmoss species are involved in hybridisation and allopolyploidisation, however, post-speciation
introgression seems to be substantially limited in a selected set of species, representing a big part of
peatmoss diversity. In these species, extensive genome-wide ILS and footprints of ancient
introgression have been identified. Moreover, we demonstrated strikingly similar genome-wide
distributions of genetic diversity, divergence and differentiation among these species. Together with
other findings, this result strongly suggests that genome evolution in the studied species has been
constrained by conserved genomic architecture, which defined the effects of selection and ILS.
Finally, we found correlations among genome-wide distributions of different measures of genetic
diversity, gene density, and phylogenetic discordance. These patterns are primarily attributed to
recurrent linked selection and ILS. Below, the role of gene flow for speciation in Sphagnum is
discussed in light of these findings.

Frequency of interspecific hybridisation in Sphagnum (Paper I and II)

Paper I demonstrated that interspecific hybridisation is very frequent in Sphagnum, but the
majority of hybrids originate from allopolyploid hybridisation. Allopolyploidisation often leads to
immediate postzygotic reproductive isolation of the polyploid hybrid progeny from the parents
(Ricca and Shaw 2010; Abbott et al. 2013). In arctic plants, an increase in genetic diversity via
polyploidisation provides polyploids with an advantage in post-glaciation colonisation of areas
compared to diploids (Brochmann et al. 2004). Similar mechanisms have been suggested for the
southern allotriploid peatmoss S. falcatulum (Karlin 2014). Recurrent polyploidisation can further
increase genetic diversity of polyploid hybrids and their frequency in populations, aiding successful
establishment of polyploid lineages into separate species (Ricca and Shaw 2010). This might be the
case for several polyploid peatmoss species, such as S. russowii (Shaw et al. 2005), S. jensenii
(Sastad et al. 1999), S. carolinianum (Ricca et al. 2008), S. falcatulum and S. australe (Karlin 2014).
Taken together, this suggests that polyploid hybridisation is an important mechanism of speciation in
Sphagnum.

Hybridisation without change in chromosome number, i.e. genetic admixture or introgression
(see Box 1 with glossary in Paper 1), is less frequently reported. There are few examples of ongoing
or recent admixture in zones of contact (Cronberg 1996; Cronberg 1997; Cronberg and Natcheva
2002; Szurdoki et al. 2014; Yousefi et al. 2017), and past, likely adaptive, introgression (Thingsgaard
2001; Natcheva and Cronberg 2003). The evolutionary significance of ongoing admixture is difficult
to estimate, since it is unclear if the admixed hybrids occupy different niches and are reproductively
isolated from their parental species. In turn, admixed individuals often remain undetected in the field
due to their morphological resemblance to one of the parents, while allopolyploid hybrids often have
more distinct morphological features, which may lead to underestimation of the occurrence of
admixture and introgression. The same issue applies to other bryophytes species (reviewed by Glime
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and Bisang 2017; and Sawangproh et al. 2020). Given how frequent polyploid hybridisation is in
Sphagnum, one can expect similar rates of ongoing or past introgression in co-occurring peatmosses.
Nevertheless, we found minimal levels of recent introgression in Paper II using twelve haploid
species, representing all peatmoss subgenera. The likely explanations for this are discussed below.

Interspecific gene flow is not constrained by phylogenetic relatedness and life-history traits (Paper I,
Paper 1)

Based on the patterns observed in Paper I, we found that phylogenetic distance per se did not
define the success of interspecific hybridisation in Sphagnum. In particular, there was no significant
difference in phylogenetic relatedness of parents of allopolyploids and parents of haploid admixed
individuals. For hybridisation to result in allopolyploidy, certain degrees of genetic divergence
between parents may be required, which would lead to impaired meiotic chromosome pairing during
spore production (Natcheva and Cronberg 2007; Karlin et al. 2014). On the contrary, we found that
distantly related species were involved in admixture, while some closely-related species formed
allopolyploid hybrids. In addition, we did not find significant correlation between genetic
differentiation and levels of interspecific introgression in Paper II, although we did not test the most
closely-related pairs in this study.

In line with theoretical predictions, Paper I showed that variation in the life-history traits, key
for peatmoss dispersal, tends to be associated with the intensity of hybridisation. Specifically,
polyoicous and monoicous species that frequently release small, light-coloured spores and prefer
poor habitats, in terms of pH and concentration of minerals, tend to produce more hybrids than other
species. High sporulation frequency can be advantageous for dispersal to longer distances, as can
small spore size (Sundberg 2010b). Monoicous and polyoicous species have higher sporulation
frequency (reviewed by Stengien and Sastad 2001), which might therefore translate into higher
reproductive and dispersal success, and hence higher colonisation ability, leading to more frequent
hybridisation compared to dioicous species. In such a case, one can expect to see a smaller portion of
dioicous species among hybridising parental species than among non-parental ones. We indeed
observed this pattern; however, the difference was insignificant.

In peatmosses, variation in habitat preference, in terms of the position along the water table,
seems to be phylogenetically constrained (Johnson et al. 2015), as is variation in spore colour
(Flatberg 2013). Due to the high amount of missing data in our dataset, we were not able to take
phylogenetic relatedness into account in our FAMD analysis. Therefore, the association between
these traits and hybridisation should be tested further. From this perspective, it should be kept in
mind that the relatedness between species might contribute to the observed patterns.

There is a profound lack of knowledge about most life-history traits in many parental and
non-parental peatmoss species. For example, mating system is only known for 89 of 104 species
listed in available floras (Chien et al. 1999; McQueen and Andrus 2007; Flatberg 2013), whereas
about 300 peatmoss species are known worldwide (Michaelis 2019). In addition, peatmoss diversity
is mostly described in the Northern Hemisphere, whereas tropical and Southern Hemisphere regions
also harbour significant species richness (Shaw et al. 2019), which is substantially less studied.
Therefore, with more knowledge about the reproductive and ecological traits of peatmosses, the
importance of the studied life-history traits for the occurrence of hybridisation should be
re-evaluated.

Post-speciation interspecific gene flow is very limited in Sphagnum (Paper II, Paper III)

In contrast to numerous groups of plants (e.g. Gerber et al. 2014; Stankowski et al. 2015;
Pouchon et al. 2018; Roberts and Roalson 2018; Valderrama et al. 2018) and animals (e.g. Martin et
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al. 2013; Fontaine et al. 2015; Malinsky et al. 2018; Edelman et al. 2019; Barth et al. 2020), where
hybridisation is frequent, recent admixture and post-speciation introgression do not seem to play a
major role for diversification in the studied peatmoss species. Paper I demonstrated high genetic
distinctiveness of the studied species, very limited post-speciation gene flow and no signs of recent
admixture among them. All species formed highly supported monophyletic clades in the
phylogenetic analyses. We found no evidence for isolation by distance in Paper III, suggesting that it
is not geographical distance that drives reproductive isolation. It should be noted that many of the
species grow side-by-side within the sampled habitats at a possible mating distance. Taken together,
this strongly suggests that strong reproductive barriers have evolved in peatmosses, preventing
ongoing interspecific hybridisation, if any, from translating into substantial introgression. Similar
patterns are observed in several rapidly radiated plant taxa, for example, in the Neotropical genera
Begonia and Costus. In Begonia, co-occurring species, occupying different microhabitats within their
range and producing morphologically distinct hybrids, show highly limited introgression due to
strong reproductive barriers (Twyford et al. 2014; Twyford et al. 2015). In Costus, strong prezygotic
barriers have been described that maintain species distinctiveness in the face of hybridisation
(Surget-Groba and Kay 2013).

The mechanisms of reproductive isolation are largely unknown in bryophytes in general, and
in peatmosses in particular. There is spatial isolation due to limited distances of gamete and spore
dispersal (Longton and Schuster 1983; Bisang et al. 2004; Glime and Bisang 2017), and ecological
isolation within habitat (reviewed by Natcheva and Cronberg 2004). Prezygotic reproductive barriers
include phenological difference, i.e. in the timing of gamete production by co-occurring species.
There seem to be no gametic incompatibilities in mosses (reviewed by Natcheva and Cronberg 2004;
and Sawangproh et al. 2020). Postzygotic barriers are also poorly understood, and include chemical
inhibition of germination of conspecific spores or spores from an unrelated species, reported in
several moss species (Rosengren and Cronberg 2015). Therefore, it is difficult to speculate which
barriers could have primarily contributed to the establishment of reproductive isolation, and how
these contributions occurred. Based on our findings, one can speculate that reproductive isolation
evolved in sympatry, and is primarily caused by prezygotic barriers. Otherwise, we would observe a
higher incidence of admixture among the studied species. In plants, dynamic structure of the genome
and differences in mating systems, among others, can facilitate the establishment of reproductive
isolation and divergence (Twyford et al. 2015). Paper III, however, suggested that peatmosses have
highly conserved genome structure. Further research is therefore needed to describe the genetic
mechanisms of reproductive isolation in peatmosses and the role of introgression in their
establishment.

A single admixed individual, resulting from admixture between two closely-related species
(S. flexuosum and S. tenellum), was identified in Paper II. This individual could be an infertile F,
hybrid, signifying admixture, and not necessarily ongoing introgression, between these species. To
this date, the only study confirming genetic transfer of admixed genotypes beyond F, generation in
sympatric bryophyte populations is in the genus Homalothecium (Sawangproh, Hedends, et al. 2020).

Nevertheless, we might have underestimated the extent of recent introgression in Paper II for
several reasons. Specifically, introgression from a “ghost” population and different population sizes
in the tested species can bias D (Zheng and Janke 2018) and D,,,,, estimates (Pease and Hahn 2015).
In turn, QuIBL is sensitive to recombination within the genomic windows used for the analysis
(Edelman et al. 2019), which we accounted for by choosing a narrow window size of 2 kb. In
contrast to D-statistic, QuIBL is robust to hybridisation among all three species in the triplet
(Edelman et al. 2019). We therefore believe that the estimated levels of post-speciation gene flow are
reliable.
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While the findings of Paper II support limited post-speciation gene flow, they represent only
a part of the vast species diversity of Sphagnum and do not dismiss a possibility of significant gene
flow among species not included in the analysis. In this study, very closely related species were not
sampled, and the most closely related species pairs in the dataset could not be included in most of
our introgression analyses due to methodological constraints. Therefore, more widespread
interspecific introgression may still happen between very closely related peatmosses that were not
included in this study.

Ancient gene flow and peatmoss diversification (Paper II and Paper I1I)

Paper II showed that the studied species were highly distinct and likely reproductively
isolated. In turn, the genome-wide distributions of genetic differentiation obtained in Paper I1I
suggest that these species are at the late stage of diversification. It is possible that gene flow could
have been more pronounced in the past, at the earlier stages of speciation in the group. Indeed, the
results of the D, analysis in Paper II suggest a deep introgression event among ancestors of the
extant subgenera, which should have happened early in the diversification process. We found that the
values of D-statistic were much higher than the values of post-speciation introgression inferred with
QuIBL and the D,,,,. In paper II, we argue that instead of post-speciation introgression, the values of
D-statistic represent traces of that ancient introgression, followed by genetic drift or divergent
selection, which led to differential retention of ancestral polymorphism in the studied species.
Accordingly, Paper II demonstrated evidence for extensive ILS, and Paper I1I suggested that there
might have been strong effects of divergent selection on the peatmoss genome at some point in the
past. Similar patterns were recently reported in rhinoceros (Moodley et al. 2020), where gene flow
between the ancestral lineages subsided within up to 2 million years after their initial divergence, but
nevertheless resulted in false-positive signatures of recent gene flow among the successor species
due to ILS.

In certain cases, Dy, can incorrectly infer introgression as ancient instead of post-speciation
(Fontaine et al. 2015; Pease and Hahn 2015). Nevertheless, we obtained significant and consistent
signals for ancient introgression in most of the five-taxon phylogenies used for the analysis.
Moreover, Paper II also showed that introgressed regions rarely formed the consecutive blocks in the
genome expected under recent gene flow (Barlow et al. 2018; Moodley et al. 2020; Westbury et al.
2020). Recently introgressed genomic regions should form relatively long stretches in the genome,
which are broken by recombination into smaller, scattered pieces with time after the introgression
event (Wecek et al. 2017). This result provides strong support for the hypothesis about ancient
introgression among the ancestral peatmoss lineages.

The phenomenon of rapid radiation is difficult to explain by de novo mutations or new
ecological opportunity alone (Pease et al. 2016; Marques et al. 2019). Ancient introgressive
hybridisation has been shown to be a catalyst for recent rapid radiation in many plant and animal
groups, since it reshuffles old polymorphism into novel adaptive combinations (reviewed by
Marques et al. 2019). In peatmosses, the last burst of diversification was associated with the Miocene
cooling, which presumably prompted adaptation to novel habitats (Shaw et al. 2010; Devos et al.
2016). This rapid radiation could have been facilitated by gene flow (Shaw et al. 2010; Devos et al.
2016). Therefore, it is very likely that the ancient gene flow among the ancestors of the extant
subgenera demonstrated here played an important role in peatmoss diversification. Further work is
needed to reconstruct the exact timing of the introgression events and their adaptive potential.
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Incomplete lineage sorting explains phylogenetic incongruence (Paper II, Paper III)

Phylogenetic relationships among species reflect their evolutionary history, whereas the
distribution of phylogenetic signals across the genome can inform about evolutionary processes in
the ancestral population (Pollard et al. 2006; Slatkin and Pollack 2006; Hobolth et al. 2011; Wang
and Hahn 2018). Paper IT demonstrated extensive genome-wide phylogenetic discordance in
Sphagnum, which was common across sliding windows and genes in the genome, as well as between
the organellar- and nuclear-based phylogenies. This discordance was also associated with deeper
nodes. We showed that this pattern is best explained by extensive ILS, resulting from rapid radiation
of the genus, rather than by post-speciation introgression. Introgressed loci accounted for only 0.29%
of the windows, supporting discordant topologies. The patterns of distribution of phylogenetic
discordance identified in Paper II are very similar to those described in other rapidly radiated groups,
including recently diverged ones, such as wild tomatoes (Pease et al. 2016), wild bananas (Rouard et
al. 2018), the plant genus Jaltomata (Wu et al. 2018), and cichlid fishes (Irisarri et al. 2018), and
older radiations, such as in neoavian birds (Suh et al. 2015). It is known that short coalescent times
and ILS should accompany rampant radiations (Whitfield and Lockhart 2007). In addition,
peatmosses are characterised by large effective population sizes (IV,) (Steneien and Sastad 1999;
Szovényi et al. 2008) and long generation times, which intensify ILS even more (Copetti et al. 2017).
This leads to (1) incongruences between the species tree and gene trees in extant lineages,
reconstructed using any type, quality and quantity of the genetic markers (Pease et al. 2016; Wang
and Hahn 2018), and (2) difficulties in resolving inferences involving more than four taxa (Degnan
and Rosenberg 2009; Suh et al. 2015), which corresponds perfectly to our findings. We conclude that
rapid diversification of peatmosses has likely caused the observed extensive phylogenetic
incongruence, in accordance with other studies of rapidly diversified groups of organisms.

In Paper III, we characterise the genome-wide distribution of topological discordance, used as
an estimate of phylogenetic incongruence, in relation to the distribution of the density of the genomic
features. Unless NV, is significantly different between the extant lineages and the ancestral populations
(Slatkin and Pollack 2006), the levels of TLS-induced discordance across the genome should be
reduced in regions of low recombination under positive or purifying selection (Hobolth et al. 2011;
Pease and Hahn 2013; Stankowski et al. 2019). Accordingly, we demonstrated that topological
discordance was associated with lower gene density, which can serve as a proxy for recombination
rate. There was also no evidence for spatial autocorrelation of regions with low phylogenetic
discordance, expected under directional selection, in contrast to the neutral model with ILS (Slatkin
and Pollack 2006; Hobolth et al. 2011). This further strengthens the idea that the observed
discordance is primarily caused by ILS, compared to both gene flow and directional selection.

Similarly to peatmosses, many bryophyte lineages have originated through recent rapid
radiation and whole genome duplication (Laenen et al. 2014; Johnson et al. 2016; Silva et al. 2017;
Medina et al. 2018). It has been proposed that intrinsic and extrinsic factors underlying evolution in
bryophytes are not fundamentally different from angiosperms, suggesting universality of
evolutionary processes in land plants (Medina et al. 2018). Our results corroborate this idea, since the
phylogenomic patterns of rapid radiation that we describe in peatmosses are very similar to those of
vascular plants, and other bryophytes.

Opverall, ancient gene flow followed by ILS, and highly limited post-speciation gene flow,
correspond very well to all our findings. It is, however, beyond the scope of this study to determine
the relative impact of ILS and introgression on the early diversification process in this group. Given
the high level of ILS, a bifurcating tree might not be a realistic representation of the complex
evolutionary history of this rapidly radiated group.
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Correlated genomic landscapes of diversification in peatmosses

In numerous organisms, genomic landscapes of diversification are conserved in various
species across the speciation continuum (e.g. Martin et al. 2013; Burri et al. 2015; Irwin et al. 2016;
Vijay et al. 2016; Delmore et al. 2018; Stankowski et al. 2019). Such patterns are predicted by the
linked selection model, provided that genomic architecture in diversifying lineages is highly
conserved (Burri 2017). In paper III, we describe highly correlated genomic landscapes of
differentiation, divergence and diversity across the studied peatmoss species. These results suggest
that genome evolution in Sphagnum is driven by conserved genomic architecture, leading to similar
outcomes of selection in different species, rather than by processes directly related to speciation
(Cutter and Payseur 2013; Burri et al. 2015). In addition, we found that the genome-wide distribution
of F-based differentiation does not follow the predictions of the speciation-with-gene-flow model.
Instead, it resembles the pattern describing the late stages of speciation, with a small number of less
differentiated genomic islands among an otherwise highly differentiated landscape (Han et al. 2017;
Riesch et al. 2017; Ravinet et al. 2018). If these valleys in the differentiation landscape originated
from gene flow, they would be deeper in sympatric comparisons, in contrast to more isolated
allopatric comparisons (Yamasaki et al. 2020). Conversely, we found no systematic difference
between allopatric and sympatric comparisons. Our findings suggest reduced efficacy of selection
acting in the F, valleys, and dismiss recent gene flow as a main force contributing to the formation
of the differentiation landscape (Han et al. 2017). We suggest that recurrent linked selection is one of
the major factors explaining the correlated pattern of genomic divergence, differentiation and
diversity observed.

Linked selection and genomic architecture shape genome evolution

As described above, there are several factors implying a high extent of natural selection in
peatmosses. Rapid radiation into various environments and niche differentiation are expected to
incur divergent positive selection. Additionally, strong negative and/or positive selection is known to
act on haploid gametophytes of peatmosses (Szovényi et al. 2013), especially in primarily selfing
species (Szovényi et al. 2014). Recurrent linked effects of selection account for reduced neutral
genetic variation and N,, and intensified lineage sorting at linked sites (Pollard et al. 2006; Hobolth et
al. 2011; Pease and Hahn 2013; Li et al. 2019), whereas the strength of these effects depends on
genomic architecture (Kaplan et al. 1989; Hudson and Kaplan 1995; Cutter and Payseur 2013;
Schrider 2020). Indeed, in paper III we found weak negative correlation between gene density and
heterogeneously distributed phylogenetic discordance. This correlation should be stronger under
recurrent linked selection at late stages of speciation, unless the recombination rate is not conserved
across the species, or gene conversion occurred in the regions of low recombination (Pollard et al.
2006; Burri 2017). Recombination rate must be conserved, since we observed the correlated
diversity, divergence and differentiation landscapes among the species, which would otherwise be
impossible (reviewed in Burri 2017). It is therefore plausible that recombination rate variation does
not fully correspond to gene density distribution in the studied species. The relationship between
recombination rate and gene density distribution needs to be further investigated.

The patterns of covariation among measures of genetic diversity, phylogenetic discordance
and gene density described in Paper IIT are predicted under long-term purifying selection (or
background selection, BGS) (Burri 2017). It has been shown that cumulative linked effects of
recurrently occurring BGS are mainly responsible for variation in genetic diversity along the genome
and correlated landscapes of differentiation, especially at late stages of differentiation (reviewed by
Burri 2017). In turn, relationships between genetic diversity, gene density and Tajima’s D support
the idea of positive selection, i.e. recurrent selective sweeps, contributing to the genome evolution in
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the studied species (Braverman et al. 1995; Sella et al. 2009). However, we did not find the strong
spatial autocorrelation among windows with low phylogenetic discordance expected under positive
selection (Slatkin and Pollack 2006; Hobolth et al. 2011). In bryophytes, gene density is distributed
along the chromosomes more evenly than in angiosperms, where the chromosomes have distinct
gene-rich regions at the ends and gene-sparse regions at the center (Lang et al. 2018; Diop et al.
2020; Li et al. 2020). Therefore, long blocks of spatially aggregated regions with many genes and
low phylogenetic discordance might not be present in the peatmoss genome, or might be shorter and
not detectable on the scale we used.

Taken together, the findings presented in Paper III strongly suggest that the combination of
long-term effects of BGS and conserved genomic architecture has mainly shaped genome evolution
in the studied species. Nonetheless, the relationships among differentiation, diversity and divergence
also indicate strong effects of positive selection on the genome for at least some period of time in
their evolutionary history. Some form of positive selection is required for strongly correlated
differentiation landscapes in all species to evolve rapidly, as this is unlikely to happen just as a result
of conserved genome structure or BGS alone (Burri 2017; Matthey-Doret and Whitlock 2019;
Rettelbach et al. 2019; Stankowski et al. 2019). It has been shown that the effects of recurrent sweeps
often accumulate with time, thereby traces of linked selection may also be explained by adaptations
in ancestral populations (Munch et al. 2016; Phung et al. 2016). This explanation agrees very well
with our results, since ancestral populations went through adaptation into diverse habitats during the
rapid radiation of the genus (Shaw et al. 2010; Devos et al. 2016). Disentangling the relative
importance of directional and background selection, ILS and gene flow for speciation is challenging
(Fontaine et al. 2015; Vijay et al. 2016; Foote 2018; Stankowski et al. 2019), especially since all
these processes occur recurrently during the speciation process. Moreover, at the later stages of
speciation, genomic traces of earlier processes might become unidentifiable. Therefore, our findings
provide evidence, rather than proof, for one or another.

Other processes affecting genome evolution

Whole-genome-duplication (WGD) represents an important mechanism in plant evolution
(reviewed by Van de Peer et al. 2017, and Koenen et al. 2020). In angiosperms, WGD is very
common, and provides morphological complexity, developmental innovations, and changes in
important chemical pathways (reviewed by Rensing 2014). Evidence for WGD has been shown in
many mosses (Rensing et al. 2007; Devos et al. 2016; Johnson et al. 2016; Lang et al. 2018), where it
might have facilitated adaptation to distinct ecological environments (Gao et al. 2021) or triggered
rapid radiations, as in the Hypnales (Johnson et al. 2016) and Sphagnum (Devos et al. 2016). The last
WGD in Sphagnum preceded its rapid diversification burst, but might have contributed to the latter
via differential retention of duplicates among species occurring in different habitats (Devos et al.
2016). In Paper II, we showed that the number of potentially mismapped duplicates regions, or
paralogs, was very low in all species, and therefore would not substantially affect the phylogenetic
inference and our tests for introgression. The effect of differential retention of paralogs on our
analyses is less clear, since the proportion of such loci is unknown. Together with rapid
diversification, WGD events might lead to ILS, and could cause phylogenetic incongruence at the
deeper nodes (Koenen et al. 2020). Differential loss of gene copies might lead to longer internal
branches, in which case QuIBL would overestimate gene flow (Edelman et al. 2019). Accordingly,
we found higher gene flow with QuIBL than with D, which is based on site patterns. Clearly, this
problem should be addressed in future studies of Sphagnum.

Demographic events in evolutionary history are expected to broadly affect the genome as a
whole, in comparison to much more narrow effects of natural selection (Stajich and Hahn 2005;
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Schrider 2020). For instance, a recent bottleneck coupled with recurrent selection has been shown to
strongly influence the genome in many organisms, including humans (Stajich and Hahn 2005),
crucifers (Slotte et al. 2010), monkeyflowers (Stankowski et al. 2019), and poplar species (T. Ma et
al. 2018), among others. During the Last Glacial Maximum, the Northern Hemisphere peatmoss
species experienced dramatic bottlenecks (Kyrkjeeide et al. 2014). This must have affected the
evolutionary history of the studied species, and complicates the interpretation of the results of our
analyses in Paper II and III. Firstly, false-positive values may have been inferred in our D-statistic
and Dy, tests due to certain population structure in the ancestral population, and different effective
population sizes among the species (Zheng and Janke 2018). Secondly, the latter will also result in
deviation from the expected relationships between phylogenetic discordance and the distribution of
functional features in the genome (Slatkin and Pollack 2006). Finally, bottleneck events followed by
population expansion can create a false signature of selection, and in particular, generate patterns
resembling selective sweeps instead of BGS (reviewed in Schrider 2020). Since demographic events
create deviations from the already unrealistic assumptions about evolutionary history used in most
population genetic models, their effects are difficult to account for using most of the available
methods. Therefore, comprehensive methods based on simulations should be used in future studies to
reconstruct the demographic events in each species and their effect on genome evolution.
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Conclusions and Outlook

The importance of gene flow in species diversification remains a core question in
evolutionary biology and speciation research. The relative importance of gene flow, especially in
rapidly radiated groups, is notoriously difficult to quantify, especially since intensive ILS muddies
the detection of the gene flow signal. Peatmosses are an excellent model for addressing this question
due to their recent rapid diversification, frequent hybridisation, ancient history, phenotypic and
ecological plasticity, and small genome sizes. Based on our findings, the genomic landscape of
diversification in peatmosses does not conform to the predictions of the speciation-with-gene-flow
model. We showed that despite common interspecific hybridisation in peatmosses, there has been
minimal recent gene flow among the species, suggesting that the genus has evolved strong
reproductive barriers. Unless it leads to enforcing reproductive isolation, post-speciation
introgression seems to play a minor role for speciation in peatmosses, in contrast to
allopolyploidisation and, likely, ancient gene flow at the early stage of diversification. We described
how peatmoss genomes were affected by extensive ILS, resulting from rapid radiation, which in turn
might have been fueled by ancient introgression among the ancestral lineages. The presented
findings contribute to the idea that evolutionary processes accompanying rapid radiation might be
universal among bryophytes and other land plants. This study is therefore an important contribution
to the emerging phylogenomic understanding of how speciation unfolds in hybridising, rapidly
radiated species groups.

Correlated landscapes of differentiation, as described here, are another example of a growing
body of evidence that genome evolution stems from an interplay between selection, ILS, and
genomic architecture, and is propelled by gene exchange at its earlier stages. We hypothesise that the
following is the most plausible scenario for the evolution of the diversification landscape in the
studied species. The ancestor population was subjected to strong positive divergent selection, which
led to recurrent selective sweeps and resulted in a heterogeneous variation landscape. Fueled by
ancient gene flow, this led to diversification, and the newly formed lineages inherited the
heterogeneous landscape of genetic variation. With time, signatures of positive selection were largely
displaced by BGS, reproductive barriers were strengthened, and lineage sorting at linked sites with
low recombination became more complete. These processes were substantially constrained by
conserved genome structure, thereby leading to evolution of correlated genomic landscapes across
the studied species.

There is an increasingly recognised need for applying modern genomic and phylogenomic
methods in non-model plants and especially in bryophytes, which represent a basal clade in the
phylogeny of land plants. The studies included in this thesis are the first example of using
whole-genome sequencing data in peatmoss, and the second whole-genome-based population
genomic study in bryophytes, providing valuable genomic resources for future studies of these
incredibly interesting plants. There remain multiple knowledge gaps, important for understanding
evolutionary processes related to introgression in peatmosses. Primarily, the genetic mechanisms of
reproductive isolation in peatmosses must be characterised, to enable studying their evolution and the
role of introgression in their establishment. Another important question is the timing of speciation
events, as well as of past and recent introgression events and their adaptive potential. Also,
reconstructing demographic history and the consequences of WGD in peatmosses can significantly
facilitate population genomic analyses in this group. Answering these questions requires first and
foremost obtaining high-quality genome assemblies and linkage maps in numerous species. This
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would also provide valuable information about the structure of the genome in different species.
Finally, as we show in Paper I, expanding our knowledge about life-history traits in hybridising
species can shed more light on why some species hybridise, while others do not.
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Peatmosses are interesting for studies of speciation processes not only because of their frequent hybridization and recent
diversification, but also their phenotypic diversity, ecological importance and ancient history. Diverse and widespread
hybridization has been widely documented in the genus, but little is known about what factors underlie this phenomenon.
We hypothesize that these factors include phylogenetic distance and variation in life-history traits of parental species. We
summarize current knowledge about the occurrence of hybridization in peatmosses and explore how it is associated with
phylogenetic distance and life-history trait variation of parental species. Possibly as much as one out of five (or more)
peatmoss species hybridize, mostly producing allopolyploid hybrids. Parents of admixed haploids are more closely related
to each other than parents of allopolyploids. Hybridization seems to be most frequent in 1) monoicous and polyoicous
species exhibiting 2) relatively high sporulation frequency, 3) producing relatively small spores, as well as 4) growing in
poor habitats. Surprisingly, neither phylogenetic proximity nor life-history trait variation explain patterns of hybridization
in peatmosses, and other likely explanations for patterns observed are discussed.

Hybrid speciation has been acknowledged to be important for
speciation and biological diversity in many organism groups
(Levin and Kerster 1974), but has traditionally been consid-
ered to be of limited importance in explaining overall large-
scale biodiversity (Mayr 1942, Ehrlich and Raven 1969, Levin
1981). More recently, accumulating evidence have revealed
patterns of parapatric and sympatric speciation with past or
ongoing gene flow in many taxa (Morjan and Rieseberg 2004,
Arnold 2006, Feder et al. 2012). Ellstrand (2014) showed
that in a diverse set of plants, interspecific gene flow is much
more prevalent than what previously thought (Levin 1984),
and polyploid hybridization is now acknowledged as one of
the most common mechanisms of plant speciation (Soltis et al.
2009, 2014). For a glossary of genetic expressions see Box 1.
Numerous studies have demonstrated that hybridization
is common across old, species-rich lineages of bryophytes and
might have been one of the key factors undetlying speciation
in these plants (Wyatt et al. 1988, Natcheva and Cronberg
2004, Stengien et al. 2011b, Shaw et al. 2015). One of the
largest bryophyte genera, Sphagnum (peatmoss), has been
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extensively studied, and introgression, hybridization, pol-
ypoidization, reticulate evolution and cryptic speciation is
common in the genus (Sdstad et al. 2001, McDaniel and
Shaw 2003, Natcheva and Cronberg 2007, Shaw 2008,
Ricca et al. 2011).

One of the oldest known fossil remains of land plants
is morphologically similar to extant peatmosses (Cardona-
Correa et al. 2016), dated 455-454 Ma. Today Sphagnum
includes almost 300 species (Michaelis 2011), often growing
in peatlands which occupy in total ca 3% of terrestrial
land, storing more carbon than any other plant genus (at
least 25% of all terrestrial carbon, Yu et al. 2010, Glime
2017a). Peatmosses thus play a key role in global carbon
balance and climate (Weston et al. 2015). Many peatmoss
species are ecologically variable and exhibit high phenotypic
plasticity (Stengien et al. 2014). Genetic structure of modern
peatmoss populations is shaped by past and on-going gene
flow and intercontinental distributions of many species are
thought to reflect high potential of dispersal in the genus
(Sundberg 2000, Sz6vényi et al. 2008, Stengien et al. 2011b,
Karlin etal. 2013, Shaw et al. 2014, Kyrkjeeide et al. 2016b).
‘There is a considerable species diversity in certain areas of the
world (Goffinet and Shaw 2008), even though the last peak
of diversification in peatmosses was surprisingly recent, only
7-20 Ma (Shaw et al. 2010). The combination of ancient
history, recent diversification, high gene flow potential and



Box 1. Genetic glossary

Gene flow: the movement of alleles between populations.
Genetic admixture: the integration of a genomic region
from one population/species into the genome of another
population/species, hereafter referred to as admixture.
Homoploid hybrid species: a species having resulted from
homoploid hybrid speciation.

Homoploid hybrid speciation: speciation by interspecific
hybridization without change in chromosome number.
Hybrid: an individual having resulted from hybridization.
Hybridization: the interbreeding of individuals from two
distinct populations/species.

Introgression: gene flow between populations of different
species.

Polyploidization: hybridization leading to formation of
hybrid progeny with multiple sets of chromosomes.
Admixed individual: here referred to an individual showing
evidence of admixture with another species of the same
ploidy level, but not in itself considered as a taxonomically
separate species.

Allopolyploid: a hybrid individual with ploidy level of two
(or more), and having resulted from interspecific crosses.
Autopolyploid: a hybrid individual with ploidy level of two
(or more), and having resulted from intraspecific crosses.

ecological variability makes peatmoss an interesting model
for studying patterns and processes of speciation.

There is evidence of past and extant polyploid hybridiza-
tion in peatmosses (examples discussed in details below), and
possible mechanisms of polyploids formation are reviewed
in detail elsewhere (Natcheva and Cronberg 2004, Sastad
2005). For instance, Devos et al. (2016) has revealed multi-
ple whole genome duplication events in evolutionary history
of Sphagnopsida, two of which could have contributed to the
rapid diversification of peatmosses. Furthermore, numerous
studies have described extant polyploid peatmoss species and
many have emphasized the importance and relative common-
ness of hybridization and polyploidization within the genus
(Karlin et al. 2009, Ricca et al. 2011, Shaw et al. 2012a,
2013, Karlin 2014). In contrast to angiosperms, interploi-
dal hybridization is rather commonly observed in Sphagnum
(Flatberg et al. 2006, Karlin et al. 2009, 2014). Nevertheless,
we still do not know exactly the extent to which peatmosses
experience interspecific gene flow, and even less about what
factors promote the ability to hybridize in these plants.

Difference in mating system might have profound
evolutionary implications in peatmosses (Stenoien and
Sastad 1999, Szovényi et al. 2014, Johnson and Shaw
2015). The gametophyte, which is the dominant phase in
the life cycle, carries sexual reproductive organs producing
gametes mitotically. Most species are dioicous, i.e.
unisexual (Wyatt and Anderson 1984), and the sexes must
therefore grow in close proximity to be capable of sexual
reproduction (Longton and Schuster 1983). Many species
are monoicous (i.c. bisexual) and exhibit both outcrossing
and intragametophytic selfing. Gametophytic sex expression
seems to be a fixed trait in most peatmosses (Szdvényi et al.
2009, Ricca et al. 2011), but many monoicous species
may occur with separate male plants (i.e. they are andro-
polyoicous sensu Kyrkjeeide et al. 2018, hereafter referred
to as polyoicous). Mating system might not in itself affect
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allelic diversity (Stenoien and Sistad 2001), but in haploid-
dominant plants ‘selfers’ diversify faster and seem more
effective in purging genetic load compared to ‘outcrossers’
(McDaniel et al. 2013, Szévényi et al. 2014). In addition,
mating system strongly influences sporulation frequency
in mosses (Longton 1992), that could in turn affect gene
flow rates, since frequently sporulating monoicous and
polyoicous species might have a higher gene flow potential
than less frequently sporulating dioicous species (Stengien
and Sastad 1999, 2001).

As a result of sexual reproduction, a diploid sporophyte
develops on a mother gametophyte, where spore mother
cells undergo meiosis and produces spores. Mature spores
are explosively discharged via so-called air-gun mechanism
(Nawaschin 1897, Goffinet and Shaw 2008, Sundberg
2010b). Spores are easily dispersed by wind and can even-
tually establish by germination and production of a proto-
nema, which gives rise to one or more genetically identical
gametophytes. Peatmoss species exhibit considerable varia-
tion in spore size and colour (Sundberg and Rydin 1998).
Compared to larger spores, small spores remain viable longer
(Sundberg and Rydin 2000), and provide a dispersal advan-
tage over short distances (Sundberg 2010a). Spore colour is
associated with viability of spores after the dispersal event,
because it might influence resistance to mutagenic effect of
UV light (Sundberg and Rydin 2000). Consequently, spore
size and colour might affect levels of gene flow.

It has been shown, that pre- and postzygotic isolation
between lineages tends to increase with time (Coyne and
Orr 1997). Interspecific hybridization should then be more
likely in closely related species, which have not developed
reproductive barriers. Establishment of postzygotic barriers
is shown to often take very long time in plants (probably,
millions of years), especially for plants with long generation
times (Levin 2012). Peatmoss species are long-lived and we
can therefore expect hybridization to occur even between
non-sister species. High genetic divergence between parents
may actually facilitate allopolyploidization by prevention
of normal chromosome pairing during meiosis in hybrids
(reviewed by Karlin et al. 2014).

It is currently unclear how phylogenetic distance and
life-history traits influence the occurrence of interspecific
hybridization in peatmosses. In this paper we aim to
1) summarize evidence of hybridization in peatmosses,
2) explore how phylogenetic distance and life-history traits
are associated with hybridization and interspecific gene flow,
and 3) discussinwhatway interspecificgene flow can influence
speciation in peatmosses. To address these questions, we
use results from published literature to first identify hybrid
species and their parents, and then do comparative analyses
to identify how different factors contribute to the occurrence
and commonness of hybridization.

Material and methods

Data collection and summarizing

We first gathered reports already known to us with evidence
for interspecific gene flow and polyploidy between peat-
moss species. References from those papers were checked



to identify other possible papers. Then, we conducted a
literature search using the Web of Science Core Collec-
tion online database (ver. 5.26.2, Web of Science, Clarivate
Analytics 2017) and in Google Scholar for articles pub-
lished between 1960 and 2017. We searched for different
combinations of such terms as ‘Sphagnum’, ‘peatmoss’,
‘introgression’, ‘hybridization’, ‘hybrid’, ‘polyploid’ and
‘admixture’. We performed the search in November 2017
but did not find new papers in addition to those we had
collected earlier. To differentiate between reported cases
of hybridization, we assigned the cases to the following
groups: allopolyploid hybrids, admixed haploid individuals
(hereafter — admixed individuals) and homoploid hybrids
(see Glossary in Box 1).

Based on the collected information, we calculated a mini-
mum coeflicient of hybridization for each subgenus as the
ratio of the number of identified hybridizing species to the
total number of species within the subgenus. We also col-
lected information about certain life-history traits of the
identified parental species: mating system type, observed
frequency of sporulation, spore colour, position of a spe-
cies along the mire water table (‘hummock—hollow’) and
the nutrient (‘poor—rich’) gradients (Eddy 1985, McQueen
and Andrus 2007, Flatberg 2013, Johnson 2013, Kyrkjee-
ide et al. 2018), and maximum and minimum spore size
(Suzuki 1958, McQueen and Andrus 2007, Kyrkjeeide et al.
2018). Mire is here used in a wide sense, also including moist
heaths and forests.

Estimation of phylogenetic distance between the
parents

We found no published phylogenetic tree including all
species of interest that matched our objectives. In order
to summarize the phylogeny of parental species, we con-
structed a composite cladogram using all available pub-
lished phylogenetic trees containing species of interest. The
cladogram was visualized with Dendroscope (ver. 3.5.8,
Huson and Scornavacca 2012). In several cases, one or
both parents could not be unambiguously identified. For
example, there are 22 observed cases of species from subge-
nus Subsecunda being involved in hybridization, but paren-
tal species were only determined to subgenus in 11 cases,
and to a species complex in two cases. As no information
about the specific position in the phylogeny is available in
these cases, we combined them for each subgenus into one
‘unknown species’ and placed it within the subgenus on
the composite cladogram in order to visualize all reported
evidence of hybridization simultaneously. Assuming, that
all these unknown species represent different species, we
added these cases to the number of unequivocally identi-
fied parental species in a subgenus. We then calculated a
maximum hybridization coefficient by dividing this num-
ber by the total number of species in a subgenus. In this
way, we can get an overview of the possible upper extent of
hybridization for each subgenus.

The composite cladogram unites a broad spectrum of
species from different subgenera, but it does not include
many species within subgenera. Parental species might
thus seem to be more related within subgenera than they
actually are. Due to this, we counted the number of nodes
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separating parental species in each possible tree, and cal-
culated the average number for each parental species pair
as a measure of phylogenetic distance between the parents
(Vellend et al. 2010). Because not all parents were identi-
fied, we estimated phylogenetic distances for 22 parental
species pairs. The portion of the inter-subgeneric hybrids
among these species pairs was the same as in the general
sample.

Comparative analysis

We were interested in testing for associations between
occurrence of hybridization on one hand, and life-history
traits of the parental species on the other. Hence, we com-
bined a dataset with seven life-history traits of parental spe-
cies listed above with two additional factors: subgenus and
intensity of hybridization, which corresponds to the num-
ber of hybrid species produced by each individual parental
species. Sphagnum australe, S. irritans, S. ‘sp-3’ (Shaw et al.
2015) and S. ‘sp-4’ (Shaw et al. 2015) were excluded from
the analysis because most of their life-history traits are
unknown. As our data set contained both categorical and
continuous variables, we explored it with factorial analy-
sis of mixed data (FAMD) using the FactoMineR package
in R (L¢ et al. 2008), and used the missMDA package in
R (Josse and Husson 2016) to account for missing trait
values within some species. All analyses were conducted
and visualized in the R statistical environment (ver. 3.4.1,
<WWW.I-project.org>).

Results

Occurrence of interspecific hybridization

There are 36 documented allopolyploid hybrids, seven cases
of genetic admixture and one case of homoploid hybridiza-
tion in our data set, respectively (Table 1, Fig. 1). Peatmoss
autopolypoids have not been registered, although Shaw et al.
(2012b) discuss potential autopolyploidy of diploid Sphag-
num tescorum based on registered genetic admixture between
parental S. fimbriatum and S. girgensohnii, which in turn
might be the second evidence of homoploid hybridization
for the genus. So far, we treat the latter as an example of
admixture. The parentage is completely unknown for five
allopolyploid hybrids and partially unknown for 18 allo-
polyploid and admixed hybrids. In total, there are 37 paren-
tal species, each producing from one to four hybrids (Fig.
2A, Table 2). Some species are involved in both admixture
and polyploid hybridization (Table 2). Hybridization events
often occur within subgenera, but as many as 13 out of 39
hybrids are the results of inter-subgeneric crosses (Table 1,
Fig. 1).

Hybridization is common in all subgenera, and the
fraction of species hybridizing varies from 9 to 20%
(Fig. 2B). The maximum coeflicient of hybridization is of
the same magnitude and reaches 27% in Cuspidata, while
the lowest coefficient is observed in subgenus Sphagnum, but
here parentage is unknown for half of the registered hybrid
species. In general, up to one out of five (21%) of peatmoss
species potentially hybridize.
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Figure 1. Hybridization in Sphagnum. All cases of allopolyploid and homoploid hybridization (species to the right) when at least one parent
was identified (species to the left). Other cases, including admixture, are listed in Table 1. Coloured bars indicate subgenera as showed in
the lower right corner. Dashed lines correspond to maternal parents, solid lines — to paternal or unidentified parents. Ploidy level is stated

in brackets and otherwise is 1n, *

— homoploid hybrid. Intersubgeneric hybrids are in bold, some of these hybrids are assigned to that

subgenus, which their maternal plant belongs to. For references see Table 1.

Phylogenetic distance of parental species and
life-history trait analysis

The majority of allopolyploid hybrids are produced by non-
sister species, with a mean phylogenetic distance of 4.68
(SE=0.56) nodes between parental species (Fig. 3). Distri-
butions of phylogenetic distances between parents do not
deviate from normal distribution (Shapiro test, p=0.43 and
p=0.36 for parents of the allopolyploid hybrids and the
admixed individuals, respectively). The average phylogenetic
distance between parents of admixed individuals seems lower
than between parents of allopolyploids, albeit insignificantly
so (2.88 (SE=0.41) versus 4.68 (SE=0.56) nodes, respec-
tively, Student’s t-test, p=0.06).

The FAMD based on the collected life-history trait infor-
mation (Table 2) shows that subgenus and spore colour
contribute the most to the variation in characters between
parental species, followed by maximum spore size, mating
system and sporulation frequency (Table 3). The contribu-
tion of spore colour to axis 1 is 23.1%, and contribution of
the maximum spore size variable to axis 2 is 23.6% (Table 3).
Contribution of subgenus variable to axis 1 and axis 2 is
23.4% and 16.7%, respectively (Table 3). The intensity of
hybridization explains 2.6% of variance between species.
Although we distinguish several groups, species producing
different number of hybrids are scattered evenly across all
of them (Fig. 4A). The FAMD individual factor plot shows
that intensity of hybridization tends to be associated with
polyoicous and monoicous reproductive systems, high spor-
ulation frequency, poor habitats (low pH and few miner-
als), small spore sizes and high position along the water table
(Fig. 4B). Data on spore sizes and sporulation frequency is
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unavailable for many parental species, because they are rarely
or never observed with sporophytes.

Discussion

Occurrence and a potential role of interspecific
gene flow in speciation of peatmosses

The majority of hybrids in peatmosses result from
allopolyploid hybridization (82%). Polyploidy represents
a very important mechanism of speciation in these plants,
and this seems primarily related to immediate postzygotic
reproductive isolation between hybrid progeny and parents
(Ricca and Shaw 2010, Abbott et al. 2013). Despite this,
complete reproductive isolation is sometimes not established,
and polyploids are able to backcross with their parents,
preventing the establishment of new ‘distinct evolutionary
lineages’ and also increasing the genetic diversities of
both polyploid and parental species. In peatmosses,
several allopolyploids are reported to undergo interploidal
backcrossing with haploid parents (e.g. Sphagnum russowii,
S. troendelagicum, S. missouricum, Flatberg et al. 2006,
Ricca et al. 2011, Stengien et al. 2011a).

It has been suggested that high levels of fixed heterozy-
gosity can increase ecological amplitudes in hybrid plant
taxa, even beyond the habitat and niche limitations of the
parents (Levin 2002). Well-established allopolyploid spe-
cies are relatively often found in habitats which parental
species do not occupy. From this perspective, it seems that
environmental heterogeneity can promote and contribute to
the establishment of new hybrid species (Brochmann et al.
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Figure 2. Characteristics of hybridization across Sphagnum
subgenera. (A) Intensity of hybridization across Sphagnum
subgenera. Intensity of hybridization corresponds to the number of
hybrids produced by an individual parental species. Bars on the
X-axis represent subgenera, coloured according to the number of
hybrid species produced by individual parental species as shown on
the right. Y-axis represent number of parental species of each cate-
gory within subgenera. Inter-subgeneric hybrid parents are assigned
to that subgenus, which their maternal plants belongs to. (B)
Occurrence of hybridization across Sphagnum subgenera. Maxi-
mum CH — the maximum coefficient of hybridization counted as
the ratio of the maximum possible number of parental species to
the total number of species in a subgenus. Minimum CH - the
minimum coefficient of hybridization counted as the ratio of the
number of the identified parental species to the total number of
species in a subgenus.

2004, Abbott et al. 2013). This might be the case for
several peatmoss allopolyploids, for example S. missouricum
and S. australe (Shaw et al. 2012a, Karlin et al. 2014). It
could also be the other way around, when ecological diver-
gence originates after the establishment of new species
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(Abbott et al. 2010). Polyploid plants are often character-
ized by greater vigour compared to their diploid progenitors,
possibly facilitating their dispersal to and establishment in
new habitats (Grant 1981). Brochmann et al. (2004) sug-
gested that polyploid arctic plants might have been more
successful in colonizing areas after the last glaciation than
diploids, because fixed highly heterozygous duplicated
genomes of polyploids contain much of the ancestral diver-
sity. In peatmosses, an increase of genetic diversity through
polyploidization has been hypothesized to facilitate success-
ful colonization of new habitats in allotriploid S. falcatulum
(Karlin et al. 2014). Genetic diversity and frequency of
polyploids in populations can also be increased via recur-
rent polyploidization, which thus may play an important
role in the successful establishment of polyploid lineages
(Ricca and Shaw 2010). This is probably the case for several
peatmoss polyploids which have originated more than once,
e.g. S. russowii (Shaw et al. 2005), S. jensenii (Sistad et al.
1999), S. carolinianum (Ricca et al. 2008), S. falcatulum and
S. australe (Karlin 2014).

Registered admixture between peatmoss species might
result from hybrid speciation sensu stricto, but introgression
in itself is not evidence of successful speciation. In order for
speciation to take place, more complete reproductive isolation
between newly formed admixed lineages and parental species
must subsequently develop (Abbott et al. 2013). Nonethe-
less, extensive genomic admixture clearly indicates an carly
phase in speciation. In peatmosses, one case of admixture
(S. girgensohnii and S. fimbriatum) presumably resulted in
polyploidization and subsequent establishment of a sepa-
rate species, S. tescorum (Shaw et al. 2012b). In other cases,
however, observed admixture is an ongoing process in zones
of contact, which does not affect distinctiveness of parental
gene pools, as for S. capillifolium X S. warnstorfii (Cronberg
1997), S. capillifolium X S. quinquefarium (Cronberg and
Natcheva 2002), S. capillifolium X S. rubellum (Cronberg
1996b), S. angustifolium X S. flexuosum (Szurdoki et al.
2014), or is a consequence of secondary contact, as for
S. magellanicum expanse X S. magellanicum margin (cf.
Yousefi et al. 2017, S. divinum and S. medium, respectively,
in Hassel et al. 2018). There are also examples of past hybrid-
ization events, e.g. S. rubellum X S. capillifolium (Natcheva
and Cronberg 2003) and S. austinii X S. affine (Thingsgaard
2001). The latter has been suggested to represent an example
of past adaptive introgression (Thingsgaard 2001). Compar-
ing to allopolyploid hybridization, admixture and homo-
ploid hybridization in peatmosses might be underestimated
since hybrid individuals remain undetected because of their
morphological resemblance to one of the parents.

The age of admixed taxa can be important for
distinguishing hybrid = speciation from more or less
“neutral” admixture (Abbott et al. 2013). Yet, there is
modest information available about the age of hybrid taxa
in peatmosses, particularly for admixed hybrids. Several
allopolyploid species seem to have originated before the last
glaciation maximum, e.g. S. troendelagicum (Stengien et al.
2011a); S. guwassanense, S. triseriporum (Shaw et al. 2013);
S. alaskense (Kyrkjeeide et al. 2016a), while others probably
are of more recent origin, e.g. S. jensenii (Sastad et al. 1999),
S. falcatulum (Karlin et al. 2013) and both the diploid and



Table 2. Reproductive and microhabitat characteristics of identified parental species. Key to the columns abbreviations: 5 — Number of hybrid
species produced by the parental one (Table 1); 6 — Reproductive system: m — monoicous, d — dioicous, p — polyoicous (including andro-
polyoicous species sensu Kyrkjeeide et al. 2018, i.e. which are reported with separate male plants, but with certainty not with pure female
plants); 7 — Sporulation frequency: F — frequent, R — rare; 8 — Position along the water table (‘hummock-hollow’) mire gradient: H — hum-
mock, L — lawns/carpets, | — intermediate (both in hummocks and lawns/carpets); 9 — Position along the nutrient (‘poor-rich’) mire gradient:
R —rich fen habitat, P — poor fen and bog habitat, | — intermediate fen; 10 — Spore colour, sources: Eddy 1985, McQueen and Andrus 2007,
Flatberg 2013, Johnson 2013, Hassel et al. 2018, Kyrkjeeide et al. 2018; 11 — Maximum spore size, pm; 12 — Minimum spore size, pm,
sources: Suzuki 1958, McQueen and Andrus 2007, Kyrkjeeide et al. 2018; * — homoploid hybrid; 8 — male parent of the hybrid, @ - female
parent of the hybrid; NA — data is not available. Mire is here used in a wide sense, also including moist heaths and forests.

1. No 2. Parental Species 3. Subgenus 4. Produced hybrid species 5 6 7 8 9 10 1 12
1 Sphagnum strictum  Rigida S. X australe (2n) T m F 1 P vyellow-brown 31 43
2 S. medium Sphagnum  S. medium x S. divinum (n) 1 d R 1 P yellow-brown NA NA
3 S. divinum Sphagnum  S. medium x S. divinum (n) 1 d R H P yellow-brown 21 31
4 S. austinii Sphagnum  S. austinii X S. affine (n) 1 d R H P lightbrown 23 28
5 S. affine Sphagnum  S. austinii X S. affine (n) 1 d F | I vyellow-brown 27 31
6 S. annulatum Cuspidata  S. X jensenii (2n) 1 d R L I light-brown 25 32
7 S. balticum Cuspidata  S. X jensenii (2n) 2 d F | P yellow 25 33
S. x troendelagicum (2n) 3
8 S. tenellum Cuspidata  S. x troendelagicum (2n) @ 1 p F P yellow 27 44
9 S. cuspidatum Cuspidata  S. x falcatulum (3n) 4 d L P light-brown 29 38
S. x planifolium (3n) 3
S. X majus (2n)
S. X torreyanum (2n)
10 S. recurvum Cuspidata  S. x slooveri (2n) 1 d R 1 P light-brown 22 28
11 S. X slooveri Cuspidata S. x planifolium1 (3n) @ 2 d NA NA NA NA NA NA
S. x planifolium2 (3n) @
12 S. lindbergii Cuspidata  S. x lenense (2n) 1T p F L P yellow-orange 22 40
13 S. angustifolium Cuspidata  S. angustifolium x S. flexuosum (n) 1 d F | I light-brown 21 25
14 S. flexuosum Cuspidata  S. angustifolium x S. flexuosum (n) 1 d R | I light-brown 23 25
15 S. lescurii Subsecunda S. x carolinianum (2n) 3 d R L I NA 27 34
S. X missouricum (2n) @
S. X missouricum X S. lescurii (3n, 4n)
16 S. inexspectatum  Subsecunda S. x guwassanense (2n) 2 d NA | I NA 36 39
S. X triseriporum (2n) @
17 S. auriculatum Subsecunda S. x inundatum (2n) & 1 d | I light-brown NA NA
18 S. subsecundum Subsecunda  S. x inundatum (2n) @ 3 d R I R lightbrown 30 35
S. X missouricum (2n) 3@
S. x contortum @ X S. subsecundum (n)
19 S. orientale Subsecunda  S. x perfoliatum (2n) 1 d R 1 R light-brown NA  NA
20 S. kushiroense Subsecunda S. X ‘microporum’ (2n) 1T d R L NA NA NA  NA
21 S. miyabeanum Subsecunda S. X ‘microporum’ (2n) 1T d R L NA NA NA  NA
22 S. X missouricum  Subsecunda S. X missouricum X S. lescurii (3n, 4n) 1T d R | I NA NA NA
23 S. platyphyllum Subsecunda  S. x platyphyllum (2n) @ 1 d R L R brownish 23 35
24 S. X contortum* Subsecunda S. X contortum X S. subsecundum (n) 1T d R | R light-brown 22 28
25 S. fimbriatum Acutifolia  S. x australe (3n) @ 3 p F I R vyellow-brown 20 27
S. X tescorum (2n)
S. fimbriatum X S. girgensohnii (n)
26 S. rubellum Acutifolia S. X rusowii (2n) 2 d | P yellow-brown 18 33
S. capillifolium x S. rubellum (n)
27 S. girgensohnii Acutifolia S. X rusowii (2n) 4 d R H P yellow-brown 21 27
S. x girgensohnii x S. rusowii (3n)
S. X tescorum (2n) @
S. fimbriatum X S. girgensohnii (n)
28 S. russowii 2n Acutifolia S. x girgensohnii x S. rusowii (3n) 1 d R | P yellow-brown 18 33
29 S. quinquefarium  Acutifolia S. x skyense (2n) 2 p F H P vyellow-brown 19 27
S. x capillifolium x S. quinquefarium (n) @
30 S. subnitens Acutifolia S. x skyense (2n) 1T m F | I vyellow-brown 22 32
31 S. incundum Acutifolia S. x artcticum (2n) 3 p R 1 R yellow-brown 24 29
S. x olafii (2n)
S. sp. nov. (3n)
32 S. capillifolium Acutifolia S. x capillifolium x S. quinquefarium (n)d 3 p F H P yellow-brown 20 28
S. capillifolium x S. warnstorfii (n)
S. capillifolium x S. rubellum (n)
33 S. warnstorfii Acutifolia . capillifolium x S. warnstorfii (n) 1 d R I R lightbrown 17 26

triploid S. australe cf. Karlin et al.
hybrids the age is only estimated for those formed between
S. divinum and S. medium, which seem to be around 20 000

years old (Yousefi et al. 2017).

8

(2009). For admixed

Abbottetal. (2013) point out that admixed individuals
resulted from secondary contact can evolve into a separate
species by occupying a niche notyet occupied by its parents.

Early homoploid hybrid plant lineages are characterized
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Figure 3. Phylogenetic distance between parental species in
Sphagnum. X-axis represents averaged rounded number of nodes
separating identified parental species pair in published phylogenetic
trees, Y-axis represents counts of parental species pairs with the
corresponding number of nodes. Dark grey bars represent counts
for parents of admixed haploid individuals, light-grey bars — parents
of allopolyploid hybrids as showed on the right. n=22 species
pairs.

by rapid and sometimes large-scale changes in gene
expression patterns, which might increase phenotypic
novelty and facilitate differentiation into new species
(Abbott et al. 2010). Even if reproductive barriers are not
complete at the initial stage of speciation, environmental
based (exogenous) selection can maintain the distinctness
of hybrid species. It is, however, not clear whether
admixed peatmoss hybrids occupy different ecological
spaces and are reproductively isolated from parents at
any level. In addition, their morphological distinctiveness
has not been examined in the majority of cases. Further
research is thus needed to assess evolutionary significance
of admixture observed in peatmosses and to define their
taxonomical status.

Does phylogenetic distance explain occurrence of
interspecific hybridization within the genus?

It has been suggested that certain degrees of genetic
divergence between parents is required in order for
allopolyploidization to occur as a result of impaired meiotic
chromosome pairing in peatmosses (Natchevaand Cronberg
2007, Karlin et al. 2014). Although the only recorded

homoploid hybrid species in peatmosses (S. contortum)
is not included in our analysis because of unknown
parentage, we do observe that parents of allopolyploids
are less related compared to parents of haploid admixed
individuals. At the same time, several allopolyploid
hybrids are formed by closely related species, while several
distantly related species are involved in admixture, which
is not expected assuming that divergence ultimately leads
to problems in meiosis during spore production. Patterns
observed in allopolyploids and admixed species indicates
that phylogenetic distance in itself does not define the success
of interspecific crosses. It is worth noting that the homoploid
S. contortum is thought to be an inter-subgeneric species,
whose parents are rather distantly related. Sphagnum
contortum also hybridizes inter-subgenerically with S.
subsecundum, producing admixed individuals. But it cannot
be ruled out that instead of being a homoploid hybrid, this
species could have originated through polyploidization
followed by chromosome number reduction, or also
through introgression of genes between the subgenera and
subsequent divergent speciation (Shaw et al. 2016).

Levin (2013) argues that low divergence between parents
leads to formation of homoploids, whereas strong and
modest divergence result in strict and segmental polyploids
(i.e. allopolyploids whose chromosomes are partially
homologous), respectively. These patterns are observed in
vascular plants (Chapman and Burke 2007), and might
also explain formation of allopolyploid hybrids by closely
related parents in peatmosses. It is unclear whether these
hybrids are strict or segmental polyploids since strict disomic
inheritance usually serves as a null-hypothesis in revealing
allopolyploids (Karlin and Smouse 2017). So far, evidence
of recombination between parental genomes has only been
registered in two allopolyploids: S. fescorum (Shaw et al.
2012b) and S. palustre, the latter a hybrid species with
unknown parentage (Stengien et al. 2014). Otherwise,
recombination between parental genomes has only been
reported for admixed haploid individuals (Natcheva and
Cronberg 2007).

Do life-history traits explain intensity of interspecific
hybridization?

We show that intensity of hybridization tends to be associ-
ated with polyoicous and monoicous reproductive systems,
high sporulation frequency, poor habitats (low pH and low
concentration of minerals), small spore size and light spore

Table 3. Contribution of the variables to the axes in the FAMD. * — Number of species produced by individual parental species.

Contribution of a variable to the axes

Variable Type Axis 1 Axis 2 Axis 3 Axis 4 Axis 5
Subgenus categorical 23.66 16.76 26.30 46.78 32.11
Spore colour categorical 23.18 12.34 12.97 4.17 9.51
Minimum spore size continuous 13.23 6.42 1.16 0.13 7.02
Water gradient categorical 12.68 5.08 14.11 6.58 22.65
Reproductive system categorical 8.83 15.59 31.81 6.49 1.01
Nutrient gradient categorical 8.25 4.87 3.33 27.07 6.15
Spore frequency categorical 5.28 13.63 0.00 0.00 7.25
Maximum spore size continuous 3.32 24.52 0.04 0.01 4.71
No_sp_prod* continuous 1.59 0.80 10.28 8.78 9.59
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Figure 4. Two-dimensional FAMD plots for 33 parental species.
Based on seven life-history variables (Table 2, column 6-12), as
well as subgenus and intensity of hybridization as factors (Table 2,
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colour. The latter is in line with theoretical expectations,
as small spores and high sporulation frequency can give an
advantage of dispersal to longer distances. More frequent
hybridization found in monoicous and polyoicous species
might result from their higher reproductive and dispersal
success, and hence colonization ability, compared to dioicous
species. Consequently, we can expect the portion of dioicous
species to be smaller among hybridizing species than among
non-parental species. This is indeed what we observe, even
though we find that the difference is insignificant. Yet, one
of the two species that have produced the highest observed
number of hybrids is S. cuspidatum, a dioicous species which
have the largest spores within the genus and rarely sporulate
(Glime 2017b). According to the conducted FAMD, inten-
sity of hybridization only explains about 2.6% of the total
variance in life-history traits between species. Thus, other
factors might certainly be more important in explaining the
observed contradictions.

Johnson et al. (2015) showed a considerable phylogenetic
signal for interspecific variation along the hummock—hollow
gradient in peatlands. Based on this finding, we treat
the position along the water table as a phylogenetically
constrained trait and do not interpret how it is associated
with intensity of hybridization. The same apparently applies
to spore colour (Flatberg 2013). Phylogenetic constraints
imply that traits of related species cannot be considered as

Figure 4. Continued

column 3 and 5, respectively). Percentage of the variance explained
by the axis is given along each axis. (A) Individual species plot. Size
and colour of point markers corresponds to the number of hybrids
produced by the species and to the subgenus, respectively, as
showed on the upper right corner. Key to the species abbreviations:
aff - S. affine, ang - S. angustifolium, ann - S. annulatum, aur -
S. awriculatum, aust - S. awstinii, balt - S. balticum, cap -
S. capillifolium, cont - S. contortum, cusp - S. cuspidatum, div - S.
divinum, fimb - S. fimbriatum, gir - S. girghensonii, inc -
S. incundum, inx - S. inexspectatum, kush - S. kushiroense, les - S.
lescurii, lin - S. lindbergii, med - S. medium, miss - S. missouricum,
miya - S. miyabeanum, ort - S. orientale, pla - S. platyphyllum, quin
- 8. quinquefarium, rec - S. recurvum, rub - S. rubellum, rus - S.
russowii, slv - S. slooveri, str - S. strictum, sub - S. subnitens, subs - S.
subsecundum, warn - S. warnstorfii, ten - S. tenellum. (B) Individual
factor plot for quantitative and qualitative variables. Shape and
colour of point markers correspond to different variables used in
analysis as showed on the upper right corner. Key to the factor
abbreviations: Reproductive system: 4i — dioicous, mono —
monoicous, poly — polyoicous (including andro-polyoicous species
sensu Kyrkjeeide et al. 2018, i.e. which are reported with separate
male plants, but with certainty not with pure female plants); Spore
frequency: freq_sp — frequent sporulation, razre_sp — rare sporulation;
Water gradient (i.e. position along the water table (‘hummock—
hollow’) mire gradient): hummock — hummock, low — lawns/
carpets, intermediate — intermediate (both in hummocks and lawns/
carpets); Nutrient gradient (i.e. position along the nutrient (‘poor—
rich’) mire gradient): 7ich — rich fen habitat, poor — poor fen and bog
habitat, interm — intermediate fen. Mire is here used in a wide
sense, also including moist heaths and forests. Black arrows corre-
spond to maximum and minimum spore sizes, and the red arrow
— to the number of species produced by individual parental species,
according to the labels. (C) A scree plot from the FAMD: X-axis
represents Axis 1-5 according to the labels, Y-axis represents the
percentage of variance explained by the axis.



independent and identically distributed, by that violating
assumptions of most of the statistical tests (Sober and Orzack
2001). Because of the amount and incompleteness of the
available data, we were not able to account for relatedness
in the FAMD. In light of this, it should be kept in mind
that the relatedness between species might contribute to the
patterns we observe.

Nevertheless, the association between more intensive
hybridization and monoicous and polyoicous reproductive
system, high sporulation frequency and smaller spores
in peatmosses makes biological sense and provides a
rationale for further testing. Unfortunately, there is lacking
knowledge about mating system and other life-history traits
in many parental and non-parental species. Available floras
(Chien et al. 1999, McQueen and Andrus 2007, Flatberg
2013) list 104 Sphagnum species out of 289 species known
worldwide (McQueen and Andrus 2007, Michaelis 2011),
mostly describing the peatmoss diversity in the Northern
Hemisphere. In particular, mating system is only known for
89 of the listed species, and the fraction of polyoicous species
might be generally underestimated (Kyrkjeeide et al. 2018).
To that end, it is likely that with more knowledge about the
reproductive biology of peatmosses, we will be able to show
the importance of these life-history traits for the occurrence
of hybridization.

What other factors can potentially affect
interspecific gene flow in Sphagnum?

There are other factors that might explain occurrence and
intensity of interspecific hybridization in peatmosses,
including levels of intraspecific gene flow. Generally,
interspecific gene flow has been viewed insignificant
compared to intraspecific rates of gene exchange (Mayr
1942, Ehrlich and Raven 1969). However, recent meta-
analyses of a range of different organism groups show
that distribution of interspecific and intraspecific rates
of gene flow sometimes overlaps (Hey and Pinho 2012).
Substantial intraspecific gene flow and frequent mating
could in itself lead to frequent introgression between highly
dispersing species in plants (Levin and Kerster 1974, Levin
1979), leading to a positive correlation between intra- and
interspecific gene flow rates. Despite the high number of
studies linking patterns of inter- and intraspecific gene flow
and speciation in plants (Currat et al. 2008, Zhou et al.
2010), this has not been studied in bryophytes. Because of
high ability of long-distance dispersal, peatmosses have high
levels of intraspecific gene flow between populations, located
even on different continents (Kyrkjecide et al. 2016b,
Désamoré et al. 2016). Therefore, intraspecific gene flow can
potentially be important in explaining levels of interspecific
introgression between species.

It was shown, that interaction of genetic and
demographical factors, such as population size, time of season
and relatedness, is important for explaining gene flow rates
in plants (Goodell et al. 1997). Thus, studying speciation by
gene flow in peatmosses primarily requires clarification of
the relationships between inter- and intraspecific gene flow
using genomic data and accounting for possible interaction
between different factors.
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Conclusion

Interspecific introgression is very common in peatmosses.
Allopolyploidization seems to be a prominent process for
speciation in the genus, while evaluation of the evolution-
ary significance of admixture requires further research. Up to
21% of all peatmosses are involved in intra- and intersubge-
neric hybridization, producing mainly allopolyploid species,
but also homoploid species and haploid admixed hybrids.
This number might be substantially underestimated, since
many parents of described allopolyploid hybrids are still
unknown.

Parents of allopolyploids are on average less related
than parents of admixed hybrids. Key life-history traits
tend to be associated with intensity of hybridization as
monoicous and polyocious species with high sporulation
frequency and smaller spores preferring poor habitats pro-
duce more hybrids than other species. Overall occurrence of
hybridization, however, is not constrained by phylogenetic
distance and life-history traits of the parents. We suggest
that differences in levels of intraspecific gene flow and/or
interaction of population genetics and demographical his-
tory factors have a high potential in explaining occurrence
and level of interspecific introgression. Finally, more studies
are needed to determine the actual occurrence of hybridiza-
tion in nature, as well as more detailed comparative data
regarding reproductive biology and ecology of parental and
hybrid species.
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Abstract

The relative importance of introgression for diversification has long been a highly disputed topic in
speciation research and remains an open question despite the great attention it has received over the past
decade. Gene flow leaves traces in the genome similar to those created by incomplete lineage sorting (ILS),
and identification and quantification of gene flow in the presence of ILS is challenging and requires
knowledge about the true phylogenetic relationship among the species. We use whole nuclear, plastid and
organellar genomes from 12 species in the rapidly radiated, ecologically diverse, actively hybridizing genus
of peatmoss (Sphagnum) to reconstruct the species phylogeny and quantify introgression using a suite of
phylogenomic methods. We found extensive phylogenetic discordance among nuclear and organellar
phylogenies, as well as across the nuclear genome and the nodes in the species tree, best explained by
extensive ILS following the rapid radiation of the genus rather than by post-speciation introgression. Our
analyses support the idea of ancient introgression among the ancestral lineages followed by ILS, whereas
recent gene flow among the species is highly restricted despite widespread interspecific hybridization known
in the group. Our results contribute to phylogenomic understanding of how speciation proceeds in rapidly
radiated, actively hybridizing species groups, and demonstrate that employing a combination of diverse
phylogenomic methods can facilitate untangling complex phylogenetic patterns created by ILS and

introgression.

Key words: phylogenomics, introgression, incomplete lineage sorting, rapid diversification,

speciation, peatmoss.

Introduction

After a long history of rejecting the plausibility of speciation with gene flow in sympatry, it is now
generally accepted that speciation does occur without complete geographical and reproductive isolation
(Morjan and Rieseberg 2004; Sousa and Hey 2013; Ravinet et al. 2017). Indeed, mounting evidence for post-
speciation introgression between closely related species has shifted the discussion towards a debate of the
relative importance of gene flow for speciation. How important is gene flow per se in speciation, in
comparison with other evolutionary forces? Case studies show that gene exchange between closely related
species can trigger adaptive radiation (e.g. Dasmahapatra et al., 2012; Fontaine et al., 2015), whereas
selective processes are more important for the divergence of lineages into separate species (e.g. Ma et al.,
2018). As the magnitude of gene flow changes over the course of speciation-with-gene-flow (Feder et al.
2012), the relative role of introgression might depend on the stage of speciation.

It is well-known that identifying the genomic footprints of gene flow is difficult in the presence of
incomplete lineage sorting (ILS) among the diversifying species (Pinho and Hey 2010; Ravinet et al. 2017).
ILS describes the pattern in which lineages fail to coalesce during speciation events due to stochasticity of
the coalescent process (Degnan and Rosenberg 2009; Zwickl et al. 2014). Therefore, ILS represents the

retention of ancestral polymorphism, which may become fixed in the descendant lineages after speciation



events due to stochastic genetic drift (Suh et al. 2015). Similarly to gene flow, ILS obstructs reconstruction
of true evolutionary history and generates discordant phylogenetic signals among loci across the genome
(Pollard et al. 2006; Avise and Robinson 2008; Suh et al. 2015; Pease et al. 2016). Several methods have
been developed to differentiate between the two (Green et al. 2010; Durand et al. 2011; Edelman et al. 2019),
but they require knowledge of the correct branching order among the species (Fontaine et al. 2015; Edelman
et al. 2019). Despite recent advances in relevant analytical methods, the reconstruction of species
relationships in the presence of gene flow and/or ILS remains challenging (Fontaine et al. 2015; Li et al.
2019), which in turn makes it difficult to quantify the level of introgression among them. However, the
problem can be approached using independent phylogenomic methods on numerous genetic markers in
hybridizing species across a speciation continuum, which has been accomplished in several organism groups
(e.g. Pease et al. 2016; Irisarri et al. 2018). Comparing phylogenetic signals among genetic markers with
differential inheritance (e.g. Zhou et al. 2017; Westbury et al. 2020) or in windows across the genome (e.g.
Copetti et al. 2017; Edelman et al. 2019; Stankowski et al. 2019) can also further the inference and its
interpretation. In addition, the distribution of phylogenetic discordance in the genome can inform about
different selection processes in the ancestral population (Pollard et al. 2006; Slatkin and Pollack 2006;
Hobolth et al. 2011; Wang and Hahn 2018).

Peatmoss (Sphagnum L.), a species-rich genus of non-vascular haploid plants, offers a potential for
studying the relative importance of introgression and ILS in diversification. Peatmosses typically grow in
peatlands, where they serve as ecosystem engineers (van Breemen 1995) and sequester carbon, thereby
making peatlands the largest terrestrial carbon sink (Yu et al. 2010). Numerous peatmoss species normally
disperse over wide geographical distributions (Szévényi et al. 2008; Sundberg 2013; Mikulaskova et al.
2015; Kyrkjeeide et al. 2016) across which they co-occur and often hybridize. At least 20% of all species
potentially engage in interspecific admixture or allopolyploid hybridization (for a review, see Meleshko et
al., 2018). Difficulties in species delimitation and phylogenetic reconstruction in this genus are often
attributed to interspecific introgression (Ricca et al. 2011; Shaw et al. 2012; Karlin et al. 2014). However,
genetic studies on peatmosses have been performed mostly using a small number of genetic markers and
focusing on phylogeography, species delimitation or allopolyploid speciation rather than mere interspecific
introgression. Hybridization does not seem to be constrained by phylogenetic relatedness in Sphagnum, and
is common even between distantly related species from different subgenera (Meleshko et al., 2018). Yet, the
extent of how often it translates into introgression is unknown. In many eukaryotes, introgression occurs
more readily in genomic regions with high recombination rate (Begun and Aquadro 1992; Schumer et al.
2018). Recombination rates are negatively correlated to genome size in eukaryotes (Lynch 2006; Tiley and
Burleigh 2015), thus the relatively small peatmoss genomes might exhibit high recombination rates that
could facilitate interspecific introgression.

Several features make peatmoss an excellent model for studying the long-standing question of
evolutionary implications of ILS and introgression. Northern Hemisphere peatmoss species exhibit vast
variability and plasticity in morphology, ecology and life-history (Stengien et al. 2014; Johnson et al. 2015).
This remarkable species diversity and variability originated rapidly and relatively recently (7-20 Ma, Shaw et

al. 2010). Typically, rampant radiations are accompanied by ILS (Whitfield and Lockhart 2007), especially if



the effective population size of the ancestral population is large (Slatkin and Pollack 2006), leading to
differential retention of polymorphisms that were present in the ancestral population (Pollard et al. 2006).
Considering the large effective population sizes of peatmoss species, the effect of ILS might be exacerbated
in the group (Stengien and Sastad 1999). Indeed, in addition to gene flow, the retention of shared ancestral
polymorphism due to ILS has been invoked to explain the low levels of among-population divergence across
wide geographical distributions observed in several peatmoss species (Stengien and Sastad 1999; Szévényi et
al. 2008; Stengien et al. 2011). Finally, it has been hypothesized that species diversity in peatmosses
originated through adaptation to diverse habitats facilitated by gene flow (Yousefi et al. 2017) and
differential paralog retention after the last whole-genome-duplication event preceding the radiation of the
group (Devos et al. 2016). Gene duplication and loss often lead to intensified genome-wide phylogenetic
discordance and ILS (Rasmussen and Kellis 2012).

Here, we explore the genome-wide patterns of phylogenetic discordance in relation to gene flow and
ILS in several more or less closely related peatmoss species pairs at different geographical scales.
Specifically, we produced low-depth whole-genome shotgun sequencing data for 12 widely distributed, co-
occurring, haploid peatmoss species representing different subgenera within the genus. We use these data to:
(i) reconstruct phylogenetic relationships in the group based on genomic markers, (ii) quantify levels of
interspecific introgression, (iii) identify signatures of ILS among the species, and (iv) estimate genome-wide
variation in phylogenetic discordance. Our analyses show that levels of post-speciation gene flow were
surprisingly low and that ILS has mainly been responsible for shaping the genomic landscape of

diversification in this diverse group of plants.

Results

Sequencing summary, mapping, SNP calling and filtering

We generated whole-genome shotgun sequencing data for 12 peatmoss species representing all five
subgenera within Sphagnum, as well as an outgroup non-Sphagnum peatmoss species (Devos et al. 2016),
Flatbergium sericeum (Miill. Hal.) A.J. Shaw (Table 1). For each of the 12 species, we collected one to four
individuals from at least two geographically separated populations (Fig. 1A, Table 1). In total, we performed
shotgun whole-genome sequencing on 191 individuals (Table S1). The sequencing reads were mapped to the
S. angustifolium (formerly fallax) draft reference genome (v0.5, DOE-JGI, http://phytozome.jgi.doe.gov/).
After quality filtering of the raw sequencing reads, we retained 65+45M (SD) reads per sample, of which
16+0.09% (SD) were PCR duplicates, 38+16% (SD) mapped uniquely to the S. angustifolium nuclear
reference genome, and 1% and 2% mapped uniquely to the S. fallax mitochondrial and chloroplast genomes,
respectively. Mean sequencing coverage varied from 1.6 to 14.36 (6.25+2.6 SD) for the nuclear genome,
while the mitochondrial and the chloroplast genome exhibited a sequencing coverage of 300+170 SD and
8304530 SD, respectively (Table S2). We did not observe any substantial difference in mapping rates among

the species from different subgenera (Table S1).

Genetic differentiation among the species



We first explored the relationship of the species using principal component analysis (PCA)
performed on the genetic covariance matrix among all individuals based on 16.3 million (M) biallelic sites.
The PCA demonstrated a considerable level of interspecific differentiation with most of the species forming
distinct point clusters in the space of the first three principal components (Proportion of total variance
explained: PC1 12%, PC2 10%, PC3 10%, Fig. 1). Individuals of the three species, S. capillifolium, S.
fuscum and S. subnitens, that appeared unresolved in the space of PC1-PC3, were well-separated in a PCA
carried out only on the subset of these individuals (Fig. S2).

We further estimated individual ancestry assignment and admixture using ADMIXTURE (Alexander
et al. 2009) to detect recent introgression among the species. The analysis based on 23,560 independent
SNPs both supported K=12 (cross-validation error 0.06, Fig. S3) and did not reveal either evidence for strong
genetic structure within or substantial admixture between species, with the exception of one S. flexuosum
individual whose genome may be shared with S. tenellum (30%) (Fig. 1D).

To estimate the level of differentiation among the species, we calculated genome-wide Fsrbased on
121+£10M (SD) biallelic sites for each species pair taking into account genotyping uncertainty (see Materials
and Methods). The values of Fsrvary from 0.75 to 0.98 among the species pairs (Fig. 2). Together with the
results of the PCA and ADMIXTURE analysis, this suggests that all studied species are highly differentiated
from one another which is in accordance with other studies showing high level of genetic distinctiveness in
Sphagnum (Shaw, Shaw, Johnson, et al. 2015; Kyrkjeeide et al. 2016; Yousefi et al. 2017; Yousefi et al.
2019).

Phylogenetic relationships between the species

To infer the phylogenetic relationship among the species, we first used the filtered nuclear SNP
dataset (455K SNPs, see Materials and Methods) to perform a maximum-likelihood analysis in RAXML. We
also carried out the very same analysis on the chloroplast (1.9K SNPs) and on the mitochondrial (1K SNPs)
SNP datasets. Organellar genomes are believed to be maternally inherited and non-recombining, as shown in
some peatmosses (Natcheva and Cronberg 2007). Assuming no genetic exchange among taxa and complete
lineage sorting, nuclear and organellar phylogenies should resolve the very same relationships. However, the
analyses of organellar and nuclear SNPs provided very well-resolved, but topologically conflicting,
phylogenies with each species forming a strongly supported monophyletic clade (Fig. 3). The relationships
inferred using plastid and mitochondrial markers are congruent to the most comprehensive organellar-based
phylogenies of the genus (Shaw et al. 2016; Shaw et al. 2019) and to each other, except that the admixed S.
flexuosum individual (ND4) is resolved either within S. flexuosum or S. tenellum in the chloroplast-based and
in the mitochondrion-based phylogeny, respectively (in red on Fig. S5). The nuclear and organellar markers
led to conflicting phylogenies regarding both the relationships among the subgenera and the placement of
individual species, namely, S. lindbergii, S. compactum, S. divinum, S. platyphyllum and S. squarrosum (Fig.
3).

In all phylogenies, there was no evidence for geographical structure within species, with the
exception of S. compactum, for which samples from Norway, Germany and Austria form distinct clades (Fig.

S5D). This suggests weak genetic structure within peatmoss species across the sampled distribution,



corroborating previous observations in many Sphagnum species (Szévényi et al. 2008; Stengien et al. 2011;
Szovényi et al. 2012; Szurdoki et al. 2014; Mikulaskova et al. 2015; Shaw, Shaw, Stengien, et al. 2015;
Kyrkjeeide et al. 2016).

Coalescent-based analysis

It is well known that phylogenetic analysis using concatenated data sets does not take into account
the stochasticity of the coalescent process and often fails to recover the true species tree (Kubatko and
Degnan 2007). Therefore, we also used a coalescent-based phylogenetic method to infer the species tree
from a set of gene trees by explicitly taking into account the inherent stochasticity associated with the
coalescent process (Rabiee et al. 2019). Our coalescent-based analysis of 988 genes (1.7+1.2 kb [SD], Table
S4) recovered the very same highly supported species tree as our RAXML analysis with an ASTRAL quartet
score of 79% (Fig. 4A). This suggests that the incongruence between the organellar and nuclear phylogenies
is real and not simply due to phylogenetic error using concatenated data sets (Wang and Hahn 2018).

To explore the distribution of discordance across the species tree, we calculated the concordance
factor, which corresponds to the number of gene trees recovering a particular node. The results show that the
deeper nodes describing the split among taxa and taxon groups are supported by only a small fraction, while
the monophyly of all species is recovered by the majority of the gene trees (Fig. 4B and S6B). We also found
that the poorly-supported nodes corresponded to those causing incongruence between the nuclear- and the
organellar-based phylogenies. In particular, only 12% of the trees recover the node uniting all species in the
clade sister to the Cuspidata species (Table 1), and only 12% of the trees resolve S. divinum and S.
compactum as sister species. Most of the trees recover the species tree branching order within Cuspidata and
Acutifolia species, while the positions of S. squarrosum and S. platyphyllum within the Acutifolia clade were
recovered in 13 and 28% of the trees, respectively. Similarly, the placement of S. lindbergii was supported in
only 20% of the trees. We observed that the branch length at the node was positively correlated to the node
recovery (rs=0.77, p<0.0001, Fig. S6A), and, despite low recovery by the gene trees, all deep nodes received
very high posterior support in ASTRAL (Fig. 4A). We also compared the among-species topology of each
gene tree to the species tree topology and found that 99% of the gene trees had different topologies, and only
1 of 988 gene trees had the species tree topology (Fig. 4C). Short branches at the deeper nodes suggest ILS
as the cause of the observed incongruences, but gene flow among the species can also distort the
phylogenetic signal across the genome.

Because our coalescent-based analysis was based on 988 genes randomly sampled across the
genome, we extended our analysis to many more sites by estimating phylogenetic trees in 100-kb non-
overlapping windows across all genomic scaffolds longer than 2-Mb. In total, the resulting trees contained
141M distinct site patterns and 19M parsimony informative sites compared to 1.5M and 118K, respectively,
found in the gene trees (Table S5 and S4). Similarly to the pattern we observed with the gene trees, only
2.4% out of the 650 different topologies identified in the 1774 sliding window trees matched the species tree
topology (Fig. 4D). Concordance factor estimates confirmed our previous estimates based on genes,
nevertheless, the node recovery was higher for the sliding window trees than for the gene trees (31.5%

[SE=2.4] versus 12.7% [SE=1.7], respectively, Wilcoxon rank sum test, p<0.0001).



D-statistics

To assess whether the observed phylogenetic incongruences are mainly due to interspecific gene
flow, we calculated Patterson’s D-statistic (hereafter referred to as D) implemented in ANGSD, which uses
the ABBA-BABA test for introgression among a quartet of species (Soraggi et al. 2018). To carry out the
test, we used all phylogenetically correct quartet topologies as (((P1,P-),Ps),outgroup) to test for evidence of
excess of derived sites shared by P; and P, or P, versus shared by P; and P, defining F. sericeum as an
outgroup (Table S6). Three species pairs could not be tested (S. tenellum and S. flexuosum, S. capillifolium
and S. fuscum, S. compactum and S. divinum, designated with empty squares on Fig. 5) since they are sister
species in our dataset. Our block jack-knife analysis supports the view that D is significant in many of the
triplets (80%, 175 out of 220 triplets, p<0.002, Table S6). Our estimates of D and number of sites assessed
varied widely depending on the third species in the triplet (P, or P,, Fig. S7), thus a mean value of absolute D
for a species pair was calculated from all triplets in which these species had significant values of D. The
absolute D was significant in most of the pairwise species comparisons (81%, 51 out of 63 pairwise
comparisons based on 22-41K sites, Table S7), and varied from 0.02 to 0.18 (Fig. 5). For some species pairs,
D was not significantly different from zero (Fig. 5). Our analysis was insensitive to the size of the genomic
window used for the analysis (1 Mb and 5 Mb, Fig. S7E). The species showing incongruent placement across
the phylogenies have low, yet significant, values of D with species of subgenus Cuspidata and Acutifolia
(Fig. 5), which suggest that gene flow might have contributed to the observed phylogenetic discordance.

Assuming that gene flow is on-going or recent, it might be restricted to closely-related species as
reproductive barriers accumulate with time since divergence (Coyne and Orr 2004). Therefore, one might
expect D to be negatively correlated with differentiation between the species. In contrast, D was positively
correlated with Fsr (rs=0.32, p=0.02, Fig. S7D). Given that our ADMIXTURE analysis did not reveal recent
genomic exchange among the species, this suggests that the introgression inferred with D happened earlier in
the diversification process, and likely among the ancestral lineages (see this hypothesis explicitly addressed
under “Testing for ancient introgression” below).

We additionally performed tests for admixture using 23,560 independent SNPs with TreeMix
(Pickrell and Pritchard 2012) and calculated the f; statistics (Keinan et al. 2007). We did not find evidence
for recent gene flow with the f; statistics (Table S8), while the results of the TreeMix analysis were
ambiguous with different models being equally supported. Namely, the inferred migration events were
inconsistent, and the likelihood of the estimated tree model did not greatly differ among replicates with the
same number of migration events allowed and among the best supported replicates (Fig. S8). This might

suggest a complex rather than tree-like evolutionary history of the studied species (Foote and Morin 2016).

QuIBL analysis

Because we observed that phylogenetic discordance can be potentially associated with both ILS and
introgression, we made use of a recently developed tree-based method, QuIBL (Edelman et al. 2019), to
differentiate between these two processes. QUIBL estimates the distribution of internal branch length in

discordant topologies for triplets of species, and then calculates the likelihood that this distribution



corresponds to the model with introgression and ILS or with ILS only. QuIBL therefore only estimates post-
speciation gene flow for a set of three species at a time. For the analysis, we kept one sample with the highest
coverage per species and, since the method is sensitive to recombination (Edelman et al. 2019), generated
3,195 trees (Table S11) based on small windows (2 kb) considerably distant from each other (20-kb steps).
Because S. compactum showed pronounced geographic structure, we used samples from two different
populations in the analysis and obtained the same results for both samples (not shown). Three closely-related
species pairs could not be tested as they are sister species in our dataset (marked with empty squares on Fig.
5A).

The QuIBL analysis revealed that only 22% of the tested triplets showed significant evidence for
introgression (48 of 220 triplets, BIC>10, Table S9). For the rest of the triplets, adding introgression did not
improve the fit of the ILS-only model. Furthermore, we found that only 0.29% of loci supported discordant
topologies and were introgressed (Fig. S9), suggesting limited overall interspecific introgression among the
studied species (Fig. 5A, Table S10). QuIBL analysis suggests ILS, rather than post-speciation introgression,

is the main factor behind phylogenetic discordance among the species.

Testing for ancient introgression

Our D-statistic based analysis revealed significant, albeit relatively low, levels of recent gene flow
among species. Nevertheless, the degree of introgression between taxa (D-statistic) was positively correlated
with between-species genetic differentiation (Fsr) suggesting that ancient introgression could have been more
frequent than post-speciation gene exchange. Therefore, we further explored this hypothesis with the Dron
statistic (Pease and Hahn 2015). The method uses a group of four species and an outgroup as (((P1,P-),
(P3,P,)),0) to quantify introgression among non-sister tips, as well as ancient introgression. Dror. performs
well in the presence of ILS, and at low rates of introgression (Pease and Hahn 2015). We used one sample
per species with the highest coverage (Table S1), F. sericeum as the outgroup, and computed Dror;, for all
phylogenetically correct five-taxon combinations (Table S12) in 100-kbp non-overlapping windows across
the scaffolds longer than 1 Mb (Pease and Hahn 2015). Dror analysis showed that 98% of five-taxon
phylogenies (180 out of 183, Table S12) showed evidence for introgression. In accordance with the results of
the traditional D-statistic and QuIBL, the analysis revealed very low levels of post-speciation gene flow
among the extant species (<0.1% of all windows, Table S13, Fig. 5B), whereas up to 19% of the windows
showed evidence of ancient introgression between (P,,P,) and Ps, and up to 1.3% between (P;,P,) and P,
(Table S13, Fig. 5B). We found 11 five-taxon phylogenies which had >10% windows introgressed from
(P1,P,) into P;(Fig. 5C). In agreement with the D-statistic test, these results support genomic exchange
between the ancestor of the species of subgenus Cuspidata (S. flexuosum, S. riparium, S. tenellum, S.
lindbergii) with the ancestor of the species of subgenus Acutifolia (S. fimbriatum, S. subnitens, S. fuscum, S.
capillifolium), as well as with the ancestors of S. compactum and S. divinum.

The length of consecutive introgressed regions can be used to infer the relative timing of
introgression (Barlow et al. 2018; Moodley et al. 2020; Westbury et al. 2020). Assuming recent
introgression, longer stretches of introgressed genomic segments are expected to be found in the genome,

which with time get broken into smaller pieces due to recombination (Wecek et al. 2017). We therefore



investigated if the windows showing any evidence for introgression formed consecutive regions. We found
that most of the introgressed windows were singletons, with occasional blocks of 2-4 consecutive
introgressed windows (Fig. S10, Table S14). For instance, in the five-taxon phylogeny with the highest
number of introgressed windows (Fig. 5C), 87% of the windows were singletons, and 10% were arranged in
blocks of two consecutive windows. Taken together, these results strongly support the hypothesis of ancient

introgression among the ancestral Sphagnum species.

Discussion

In this study, we focused on the genome-wide pattern of phylogenetic discordance and its
relationship to interspecific introgression and ILS in 12 peatmoss species, representing all subgenera within
the genus, sampled at different geographical scales. Our analyses show that all species are highly genetically
differentiated from one another, and most show no evidence for population genetic structure across the
sampled distribution. At the same time, phylogenetic discordance was common both across the genome and
between the organellar- and nuclear-based phylogenies. We found evidence for ancient introgression among
the ancestral population likely followed by ILS, whereas levels of post-speciation gene flow were
surprisingly low. Our analyses show that ILS, and not extensive introgression, has mainly been responsible
for shaping the genomic landscape of diversification in this diverse group of plants. In the following

paragraphs, we discuss how these two processes may have shaped the diversification of Sphagnum mosses.

Genomic signatures of rapid radiation

Sphagnum is known for a recent rapid burst of diversification 7-20 Ma associated with the Miocene
cooling, which presumably triggered adaptation to diverse, novel habitats (Shaw, Devos, et al. 2010).
Rampant radiation should lead to short coalescent times and ILS among newly formed lineages (Whitfield
and Lockhart 2007). Consequently, phylogenetic studies of extant lineages in such a case would infer
hemiplasy (Avise and Robinson 2008), i.e. topological incongruences between the species tree and gene
trees, irrespectively of type, quality and quantity of the markers used in the analysis (Pease et al. 2016; Wang
and Hahn 2018). This is precisely the pattern we observed in both gene and sliding-window tree analyses, as
well as in organellar genome phylogenies in peatmosses. Additionally, rapid speciation often results in the
anomaly zone phenomenon, in which the true species tree topology is difficult to resolve for inferences
involving more than four taxa (Degnan and Rosenberg 2009; Suh et al. 2015). This explains the numerous
conflicting topologies of the gene and sliding window trees and the low recovery of deep nodes, but strong
support of the species tree topology inferred with ASTRAL, which is robust to the presence of the anomaly
zone (Allman et al. 2011) as it takes a quartet of leaves at a time under the multispecies coalescent model
(Mirarab et al. 2014). Similar extent and distribution of discordance among loci in the genome and across the
nodes in the species tree has been found in rapidly radiated groups, both recently diverged, such as in wild
tomatoes (Pease et al. 2016) and cichlid fishes (Irisarri et al. 2018), and at a deeper timescale, such as in

neoavian birds (Suh et al. 2015). Altogether, rapid diversification of peatmosses has likely significantly



contributed to the extensive phylogenetic incongruence observed, which is in line with findings of previous
studies investigating the genomic signatures of rapid radiations in various groups of organisms.

When time after divergence increases, so does the probability that parallel evolution has occurred in
the diverged lineages (Suh et al. 2015). Therefore, one could argue that some or most incongruences are due
to parallel evolution rather than ILS. Considering that in Sphagnum the last diversification peak is relatively
recent, it is less likely that the observed deep-node incongruences occur due to homoplasy rather than
hemiplasy derived from ILS (sensu Suh et al. 2015). While the radiation of peatmosses was clearly sudden
(Shaw, Devos, et al. 2010; Devos et al. 2016), there is some uncertainty about its timing, which might have
been much older than previously thought (Shaw et al. 2019). Nevertheless, no alternative date has been
suggested, and the strong negative relationship between incongruence at a node and the internode length in
our gene tree concordance factor analysis further supports the idea that high levels of ILS, and not
homoplasy, substantially contribute to the observed genome-wide phylogenetic signal (Zwickl et al. 2014;
Pease et al. 2016; Irisarri et al. 2018).

Recent introgression or incomplete lineage sorting?

Based on the results of the phylogenetic analyses, we expect ILS to be the main factor explaining the
observed phylogenetic discordance. However, these analyses do not differentiate between ILS and
introgression, both of which can create similar phylogenetic signals (Fontaine et al. 2015). Considering that
all species are highly supported as monophyletic clades and that no signs of recent admixture were found in
the ADMIXTURE analysis, a potential explanation is that while interspecific introgression is currently
constrained by strong reproductive isolation among the species, gene flow was more prominent in the past,
during the speciation process, facilitating Sphagnum’s known rapid diversification into diverse habitats
(Shaw, Devos, et al. 2010; Devos et al. 2016). It has been suggested that ancient admixture of ancestral
variation is a powerful means for rapid radiations to occur (Marques et al. 2019). The results of our
introgression and QuIBL tests support this idea.

We did not find significant evidence for introgression using ADMIXTURE and the f; statistics,
which are suited to detect recent introgression (Alter et al. 2017). Levels of post-speciation interspecific gene
exchange inferred with QuIBL and Dron were very low, whereas the D-statistic showed considerable
introgression among species pairs with deeper nodes and generally low values in more recent species pairs.
For instance, the D-statistic shows that S. lindbergii and S. riparium share 4-18% of the derived sites with
other studied species. Flatbergium sericeum, which was used as an outgroup in our D test, has a smaller
genome size and number of chromosomes than Sphagnum (Shaw, Cox, et al. 2010) and represents a family
of non-Sphagnum peatmosses that diverged from Sphagnum peatmosses ca 34-105 Ma (Shaw, Devos, et al.
2010). Using a distantly related outgroup does not in itself affect the robustness of D (Zheng and Janke
2018), but our estimates in this test are tied to the sites where the outgroup sequence reads can be mapped to
the S. angustifolium reference genome, likely covering the more conserved part of the genome.
Consequently, the observed D values likely represent retained traces of ancient introgression events among
ancestors of the extant species followed by genetic drift or divergent selection. This is further supported by

the results inferred with Dror, for different combinations of the species, which suggest that gene flow likely
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happened between the ancestors of the species from subgenus Cuspidata and the ancestors of other
subgenera. Despite that Drop, cannot infer introgression between the two ancestral lineages in a five-taxon
topology (Pease and Hahn 2015), the results inferred using different combinations of species from these two
subgenera can only be explained by a deep introgression event, which should have happened early in the
diversification process, followed by differential retention of ancestral polymorphism in the studied species
due to subsequent genetic drift and/or divergent selection. A similar pattern has been recently described in
rhinoceros, where gene flow between the ancestral lineages ceased within 2 million years after initial
divergence, but resulted in false-positive signatures of introgression among the subsequently diverged
subspecies due to random coalescent processes (Moodley et al. 2020).

Alternatively, the D and Dror tests may have inferred false-positive values due to certain population
structure in the ancestral lineage or differences in the effective population size among the lineages (Zheng
and Janke 2018), which is plausible given the recent bottleneck documented in extant peatmoss species (e.g.
Thingsgaard 2001; Kyrkjeeide et al. 2012; Yousefi et al. 2017). Dror can incorrectly infer ancient
introgression between (P;,P,) and P; or P, if introgression happened shortly after the split of (P,P.) (Pease
and Hahn 2015) or if P+/P, exchanged genes with both P, and P, at equal rate since their split (Fontaine et al.
2015). In our case, however, the majority of different five-taxon phylogenies demonstrated significant and
consistent signals for ancient introgression deep in the species phylogeny. In addition, the prevalence of
singleton introgressed windows we observe with Droy. also suggests that these windows indeed represent
signatures of ancient, rather than recent, introgression (Barlow et al. 2018; Moodley et al. 2020; Westbury et
al. 2020).

We have to note that recent introgression might have been underestimated in our tests for various
reasons detailed below. Introgression from a “ghost” unsampled population or difference in population sizes
among the species can also bias D (Zheng and Janke 2018) and Dror. estimates (Pease and Hahn 2015) which
are possible sources of errors we could not account for. The QuIBL analysis can also provide biased
estimates: it will likely overestimate introgression if the windows used for the analysis contain
recombination breakpoints (Edelman et al. 2019). We took this into account in our test by choosing a narrow
window size of 2 kb to minimize the risk of including many recombination breakpoints. Accordingly, we
believe that our QuIBL estimates are reliable. Unlike the D-statistic, QuIBL provides robust estimates when
all three species in the triplet hybridize, which likely occurs, but will not lead to further biases (Edelman et
al. 2019).

While our results imply that post-speciation gene flow is minimal, they do not exclude the possibility
of significant interspecific gene-flow among selected peatmoss species. Sphagnum includes about 300
species distributed worldwide (Michaelis 2019), and we did not sample very closely related species (sister
species) in this study, and could not test the most closely related species pairs in most of our introgression
analyses. It is therefore possible that recent, and more significant interspecific introgression may take place
between very closely related species pairs that were not included in this study. Hence, our finding of minimal
contemporary post-speciation gene flow among peatmoss species applies only to the set of species used in
this study. In turn, the single admixed individual identified in our study, resulting from admixture between

two sister species (S. flexuosum and S. tenellum), could be an F; hybrid, which does not necessarily imply
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ongoing introgression between these species, but simply hybridization. Considering that the known
widespread interspecific hybridization in Sphagnum is mostly happening in the form of allopolyploidization
(reviewed in Meleshko et al., 2018), our findings may indicate that the group has evolved strong
reproductive barriers, which prevent homoploid hybridization from translating into substantial introgression.
Ancient introgression and subsequent ILS, together with very limited post-speciation introgression,
agree very well with all our findings and with the extensive discordance we identified in our phylogenomic
analyses. This scenario explains the inconsistent placement of S. lindbergii, S. compactum, S. divinum, S.
platyphyllum and S. squarrosum within the gene and sliding-window phylogenies, as well as the
incongruences among the nuclear and the organellar phylogenies. It is, however, beyond the scope of this
study to determine the relative impact of these two processes on the early diversification process in this
group. There were 53 triplets in our QuIBL analysis for which the most common topology (supported by the
highest number of trees) did not correspond to the species tree topology (Table S11). In particular, for the
triplet (S. lindbergii, (S. divinum, (S. squarrosum))), all three possible topologies were nearly equally
supported by the trees. Other such triplets consistently showed discordance in placement of S. squarrosum,
S. compactum, and S. divinum relative to the backbone Acutifolia species (S. capillifolium, S. fuscum, S.
subnitens, S. fimbriatum) and to Cuspidata species. None of these triplets showed significant evidence for
post-speciation introgression, and average levels of ancient introgression inferred with Dron. were moderately
low (Fig. 5B). These are the same incongruences we detected in our gene and sliding-window trees analyses,
suggesting that the species tree topology might itself have originated from ILS (Edelman et al. 2019). With
this high level of ILS, a bifurcating tree might therefore be an oversimplification of the true evolutionary

history of this rapidly radiated group.

Conclusions

Our analyses suggest the following hypothesis about the evolutionary history of peatmoss. When
Sphagnum started to diversify, effective population sizes were large and gene flow extensive among the
emerging species, which resulted in plenty of shared polymorphism among species. This great diversity was
then sorted out following rapid diversification, triggered by whole-genome duplication (Devos et al. 2016),
into diverse habitats, newly formed as a consequence of rapid climate change (Shaw, Devos, et al. 2010).
Finally, reproductive isolation and/or restricted gene flow gave rise to the current species diversity.

Our findings demonstrate that rapid radiation creates a phylogenomic pattern in bryophytes similar
to that observed in angiosperms, which corroborates the suggested idea of universality of evolutionary
processes among land plants (Medina et al. 2018). In contrast to many recently rapidly radiated, actively
hybridizing groups, post-speciation gene flow is not prominent in creating phylogenetic discordance in
Sphagnum, at least not in the species studied here. Based on our results, the evolutionary history of peatmoss
might be too complex to be modelled as a simple bifurcating tree, and reconstructed using a single type of

genetic markers. This needs to be taken into account in further studies of this and other rapidly radiated

bryophyte groups.
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Materials and Methods

Sampling. We sampled 12 common haploid species with no known hybrid origin and contrasting life-
history traits that represent different subgenera within Sphagnum (Table 1). The sampling was carried out in
three metapopulations from central Norway, Austria and Germany (Fig. 1). For each of the 12 species, we
sampled 2-3 populations in each of two European regions and, for most species, one population in Germany.
Two to four individuals were collected at each population for a total of 11 to 20 individuals per species (a
total of 190 individual sampled shoots, Table 1). Vegetative reproduction is common in peatmosses, so to
avoid sampling clones within possible mating distance, we collected only conspecific shoots growing
approximately 1 m apart. The accessions and the voucher specimens were air-dried and deposited at the
Trondheim Herbarium (TRH). Additionally, we included a sample of Flatbergium sericeum (Miill. Hal.) A.J.
Shaw from the TRH to use as an outgroup in various analyses. For a list of voucher specimens, see Table S1.

DNA extraction. DNA was extracted from cleaned dried capitula tissue and fragmented to a mean
length of 400 bp as described in detail in the Supplementary Materials (Section SMM1).

Library preparation and sequencing. Our study provides the first investigation using whole-genome
sequencing in peatmosses. Therefore, we tested the performance of the library preparation and sequencing
method on a subset of 11 samples (one accession per species). Individual whole-genome DNA libraries were
prepared as described in detail in the Supplementary Materials (Section SMM?2) and sequenced at the
Functional Genomics Center Zurich (FGCZ, Switzerland) on a single lane of an Illumina HiSeq 4000 in 150
bp paired-end mode. The rest of the libraries were prepared and pooled into 16 pools based on the estimated
per-library endogenous content as described in detail in the Supplementary Materials (Section SMM3). The
negative library build and indexing PCR controls were included into one of the pools. Sequencing was
performed at the Genomics Core Facility, Faculty of Medicine, NTNU (Trondheim, Norway) on two
flowcells of an Illumina HiSeq 4000 in 150 bp paired-end mode.

Sequencing data processing. The raw sequencing reads were processed using the Paleomix pipeline
v1.2.13.4 (Schubert et al. 2014). Adapter contamination was trimmed using AdapterRemoval v2.2.0
(Schubert et al. 2016), and trimmed reads shorter than 25 bases were discarded. The remaining reads were
mapped to a reference genome assembly of Sphagnum angustifolium (formerly fallax, v0.5, DOE-JGI, http://
phytozome.jgi.doe.gov/), using the mem algorithm of BWA v0.7.15 (Li and Durbin 2009). Aligned reads
with a mapping quality (MAPQ) score below 30 were discarded. PCR duplicates were marked with
PicardTools v2.9.1 (http://broadinstitute.github.io/picard). We performed realignment around indels using
the Genome Analysis Toolkit (GATK) v3.7 (McKenna et al. 2010) to reduce the number of alignment
artifacts, and validated the resulting bam files with PicardTools v2.9.1. We used SAMtools v0.1.19 for
sorting, converting and generating summary statistics for the bam files (Li et al. 2009). The raw reads were
also aligned to Sphagnum fallax chloroplast and mitochondrion genome sequences (GenBank accession
codes KU725463 and KU725501, respectively) in the same manner as described above.

SNP calling and filtering. The variants were called with ‘-ploidy 1’ tag using the GATK v3.7
‘HaplotypeCaller’ for each sample separately. Next, the samples were divided into the sets of 20 to 25, and
each set was genotyped with the GATK v3.7 tool ‘GenotypeGVCF’. Following the best practices pipeline
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(Van der Auwera et al. 2013), we extracted SNPs from the call sets and performed hard-filtering with the
recommended parameters: QualByDepth < 2.0, FisherStrand > 60.0, RMSMappingQuality < 40.0,
MappingQualityRankSumTest < -12.5, ReadPosRankSumTest < -8.0. The SNPs meeting any of these
criteria were excluded from the dataset. We tested different filtering parameters for missingness and depth
using VCFtools (Danecek et al. 2011). As the dataset included 12 different species, strict missingness criteria
led to a dramatic decrease in the number of SNPs. Therefore, we kept the SNPs that were present in at least
20% of all individuals, also filtering these for minimum mean depth of 5, maximum mean depth of 100 and
minimum minor allele frequency of 0.05. The resulting dataset is referred to as the filtered nuclear SNP
dataset. Plastid and mitochondrial genome alignments were treated in the same manner, except that we kept
the SNPs that were present in 100% or in at least 50% of all individuals for the chloroplast and mitochondrial
alignments, respectively, and no maximum mean depth was used to filter the SNPs. The resulting datasets
are referred to as the chloroplast SNP dataset and the mitochondrial SNP dataset, respectively. When
applying the software sensitive to linkage between the SNPs, we randomly selected 1 SNP per 2000 bp from
the filtered nuclear SNP dataset. This dataset is referred to as the thinned SNP dataset. A summary of the
number of genetic markers used in each of the analyses described below can be found in Table S3. Given
that the ploidy level was set to 1, no heterozygous variants were called. Therefore, we calculated the
percentage of potentially heterozygous variants, which could have potentially been called from mismapped
paralogous genomic regions, as described in detail in the Supplementary Materials (Section SMM6). We
found a very low number of sites showing heterozygous signals in our SNP dataset (mean 0.43% +0.18% SD
across samples, Supplementary Materials, Section SMMS6, Fig. S11), which is in line with our assumption
that mismapping of paralogous copies don't have a considerable effect on the number of SNPs called.

PCA. We computed the covariance matrix between individuals using ANGSD v0.931-8-g1ed4245 by
sampling a random base from each individual at each position for biallelic sites (Korneliussen et al. 2014) to
exclude bias introduced by differences in sequencing depth. First, we performed per-base alignment quality
(BAQ) computation implemented in ANGSD to adjust quality scores around indels in the mapped reads used
as an input (Li 2011), and adjusted MAPQ score to 50 for reads with excessive mismatches. Then, those
reads with poor quality (flag>=256), low MAPQ score (<=30), low base quality score (<=20), or with
unmapped mate and secondary alignments were discarded. These reads filtering procedures were also used
for other analyses performed in ANGSD and are hereafter referred to as “read quality filtering in ANGSD”.
Minor alleles were inferred by picking the two most frequently observed bases across individuals (Li et al.
2010). Then, sites were filtered based on minimum minor allele frequency (>=0.05) and sample size (>=% of
individuals). Following (Patterson et al. 2006), we generated eigenvectors for the covariance matrix in R and
performed a Tracy-Widom test to determine the significance of the eigenvalues using the package
‘AssocTest” (Wang et al. 2017).

Admixture analysis. ADMIXTURE v1.3.0 was used to estimate individual assignment and admixture
(Alexander et al. 2009). We excluded the outgroup from the thinned SNP dataset and used bcftools
(samtools.github.io/bcftools) and PLINK v1.90b6.9 (Chang et al. 2015) to convert the VCF into a binary
PLINK file to be used in ADMIXTURE. Due to limitations of PLINK, we kept the 95 longest scaffolds
during the conversion that equal to 63% (249.6M bases) of the total length of the reference. To infer the best
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number of K, 10-fold cross-validation procedure was used, testing K = 1 to K = 16. For each K, 20
independent runs were performed, and the mean cross-validation error among all replicates for each K was
calculated and compared to identify the replicate with the lowest error.

Test for ancestral admixture. In order to reconstruct major migration events in the group, we
performed a TreeMix v1.13 (Pickrell and Pritchard 2012) analysis which uses allele frequency data to
reconstruct the relationships among the species as a bifurcating ML tree that corresponds to the estimated
degree of genetic drift among the species. We calculated allele frequencies per species with PLINK using the
same input file as for the ADMIXTURE analysis above, and imported these into TreeMix. TreeMix was run
with bootstrap without incorporating migration and with allowing from 1 to 5 migration events. For each
scenario, 100 independent runs were performed, and runs with the highest log likelihood for each scenario
were selected. From the covariance matrix estimated from the data in the best runs, we calculated the total
standard error and the amount of variance in species relatedness explained by the model using an R script by
Daren Card (2015). We also used TreeMix to calculate the f;statistics on the same dataset (Keinan et al.
2007).

Phylogenetic analyses. Using a custom python script and SeqKit (Shen et al. 2016), the filtered SNP
datasets including variant positions with depth of 5 to 100 and the outgroup sample were converted into a
concatenated multiple sequence alignment in fasta format. For the chloroplast and mitochondrial SNP
datasets, RAXML v8.2.11 (Stamatakis 2014) was used to perform 100 rapid bootstrap inferences and 10
subsequent maximum-likelihood (ML) searches using a GTRGAMMA model of nucleotide substitution. For
the nuclear markers, which were located primarily in genic regions (76.2% of 455.7K SNPs), RAXML was
used with 200 rapid bootstrap inferences and 20 ML searches under the same model.

Population genomic analyses. We used ANGSD v0.931 (Korneliussen et al. 2014) to calculate Fsr and
D-statistic without calling individual genotypes. First, we performed read quality filtering in ANGSD.
Individuals were discarded from a site based on individual filtered read depth (2-100) at that site. One S.
flexuosum individual admixed with S. tenellum was excluded. We used the Empirical Bayes method
implemented in ANGSD to calculate Fsr using a site frequency spectrum (SFS) to take into account
genotyping uncertainty (Fumagalli et al. 2013; Korneliussen et al. 2013). To estimate the SFS, we used
ANGSD specifying ploidy level with the command-line argument -isHap 1 to compute genotype likelihoods
(GL) using the SAMTools method (Li et al. 2009) without calling individual genotypes. Allele frequencies
were calculated based on GLs using biallelic sites, and minor alleles were inferred from GLs using ML
approach (Skotte et al. 2013). Sites were filtered based on the sample size (>=% of individuals). Assuming
Hardy-Weinberg equilibrium, we further used ANGSD to estimate site allele frequency likelihood (SAF)
jointly for all individuals within each species as well as within each population. Using this estimate, we
performed optimization using the expectation maximization (EM) algorithm, and polarization to obtain an
ML estimate of the SFS for each species (Nielsen et al. 2012) and an ML estimate of the 2D (pairwise) SFS
for each species pair. This SFS was then folded, and weighted Fsr was calculated for each species pair using
an extended version of the method-of-moments estimator (Reynolds et al. 1983) implemented in ANGSD
(Fumagalli et al. 2013). We kept the scaffolds longer than 1M bases equal to 70.3% (278.6) of the total

length of the reference.
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To compare the estimates based on GLs and on SNP data, the filtered SNP dataset was imported into
the R statistical environment v3.6.3 (R Core Team, 2020) using the package ‘vcfR’ (Knaus and Griinwald
2017) and converted into a genlight object with the package ‘adegenet’ (Jombart and Ahmed 2011). The
genlight object was imported into the package ‘hierfstat’ (Goudet 2005) using the package ‘radiator’
(Gosselin 2019), and Fsr (Weir and Cockerham 1984) was calculated for each species pair. The Fsr estimates
were highly correlated with those calculated in ANGSD for each pairwise comparison (rs= 0.81, p<0.0001,
Fig. S4), and we hereafter used the estimates inferred with ANGSD.

D-statistic. We used the multiple-sample version of Patterson’s D-statistic (Green et al. 2010)
implemented in ANGSD (Soraggi et al. 2018) to calculate genome-wide estimates of introgression. The
method is described in detail in the Supplementary Materials (Section SMM4). Significant deviation of D-
statistic from O rejects the null hypothesis about absence of gene flow (Green et al. 2010; Martin et al. 2015).
First, we performed read quality filtering in ANGSD and discarded sites missing in more than 10 individuals.
Individuals were discarded from a site based on individual filtered read depth (2-100) at that site. We kept
the scaffolds longer than 1M bases that equal to 70.3% (278.6M bases) of the total length of the reference
genome. Next, we performed Abbababa2 analysis sampling all bases at biallelic sites in each individual for
every phylogenetically correct triplet of 12 species using Flatbergium sericeum (Miill. Hal.) A.J. Shaw as the
outgroup. The significance of D-statistic was accessed by performing Weighted Block Jack-knife method
(Busing et al. 1999) using large (1-Mb) blocks to ensure that there is no linkage disequilibrium between the
blocks, and that the number of sites within the blocks is big enough to allow the D-statistic to be
approximated by a normal distribution (Soraggi et al. 2018). Following (Barlow et al. 2018), we chose 1-Mb
windows instead of commonly used 5-Mb windows to include scaffolds shorter than 5 Mb into the analysis.
The reliability of this approach is confirmed by strong and statistically significant correlation between the D-
statistic obtained using 5-Mb and using 1-Mb windows (r,= 0.85, p<0.0001, Fig. S7E). We used a threshold
of |Z|>3 to reject the null hypothesis which corresponds to p<0.002. The triplets included various triplet
combinations of the same species meaning multiple D-statistic values were obtained for the same species
pairs. Thus, we calculated mean D-statistic for species pairs using P, and P; as a pair if D for the triplet was
significant and positive, and P; and P; as a pair if D for the triplet was significant and negative.

Coalescent-based analysis. We reconstructed the coalescent-based phylogeny of the studied species.

First, we used ANGSD to generate nuclear genome consensus sequences from aligned reads for each sample.
For this, we performed read quality filtering in ANGSD and discarded sites based on filtered read depth (5-
100) at that site keeping the scaffolds longer than 1 Mb. The filtered reads were used to generate fasta files
for each sample keeping the base with the highest effective base depth (EBD) at each position as
implemented in ANGSD. EBD is a product of mapping quality and base quality scores for each base, and it
enables more precise base calling for low-coverage sequencing data (Wang et al. 2013). Using the gffread
utility (https://ccb.jhu.edu/software/stringtie/gff.shtml#gffread), we extracted spliced genic sequences (CDS)
for each sample and used a custom bash script to convert the sequences into multiple sequence alignment
fasta files for each gene. For big datasets, the robustness of species tree reconstruction under the coalescent
model is not affected by the high degree of missing data when more than one sample per species is sampled

(Hovmoller et al. 2013). We kept the first coding sequence in each gene sequence, and filtered the sequences
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based on the number of missing bases (<50%) and length (>150 bases), and then randomly sampled 1000
alignments. There were only 1,366 sites in the concatenated nuclear SNP dataset that overlapped with the
sites located within the resulting gene alignments (0.3% of the SNP dataset, 0.08% and 1.2% of the total
number of distinct sites and parsimony-informative sites within the gene alignments, respectively). For each
of these genes, we used IQ-TREE v1.6.12 (Nguyen et al. 2015) to determine the best substitution model
(Kalyaanamoorthy et al. 2017), estimate the best ML tree and perform 1000 ultra-fast bootstraps (Hoang et
al. 2018). We used a coalescent-based phylogenetic method to infer the species tree from a set of the
successfully inferred ML gene trees (988 trees) implemented in ASTRAL (Mirarab et al. 2014). ASTRAL is
based on the multispecies coalescent model and uses a set of unrooted gene trees, taking a quartet of leaves
at a time, to estimate the species tree (Mirarab et al. 2014). We conducted the analysis of the best supported
ML gene trees in the multi-individual version of ASTRAL v5.7.3 (Rabiee et al. 2019) to estimate a species
tree annotated with posterior probabilities as nodes support. We also estimated a species tree for each
bootstrap replicate of each gene tree, and used these species trees to estimate a consensus species tree
annotated with node support based on the bootstrap trees. We calculated the concordance factor, i.e. the
percentage of gene trees recovering the nodes in the species tree, using IQ-TREE v2.0-rc1 (Minh et al.
2020).

Sliding window analyses. To explore the spatial distribution of incongruence across the genome, we
generated phylogenetic trees in sliding windows. We generated fasta alignments in the same manner as at the
previous step for our Coalescent-based analysis, but based on filtered read depth of 2-100, and extracted
sequences for 100-kb non-overlapping windows for each sample using 49 scaffolds longer than 2M bases
that equal to 44% (175.6M bases) of the total length of the reference. We then used a custom bash script to
convert the sequences into the multiple sequence alignment fasta files for each sliding window. We
discarded one sample based on the high number of missing bases. We reconstructed the best ML tree for
each window in IQ-TREE v1.6.12 (Nguyen et al. 2015) using GTRGAMMA model allowing for a
proportion of invariable sites with 1000 ultra-fast bootstrap replicates (Hoang et al. 2018). Using the
resulting sliding window trees and the species tree, we calculated the concordance factor in IQ-TREE v2.0-
rcl (Minh et al. 2020) to infer the number of sliding window trees recovering the nodes in the species tree.
To estimate how many sliding window trees recovered the species tree topology, we compared the inferred
sliding window consensus tree topologies to the species tree topology using the script
‘findCommonTrees.py’ from Edelman et al. (2019). Given that the monophyly was strongly supported for all
species in all analyses, we randomly selected and kept one sample per species in all trees for this analysis
using the package ‘ape’ (Paradis and Schliep 2019: 2019) in the R statistical environment v3.6.3. We used
Dendroscope 3 (Huson and Scornavacca 2012), FigTree v1.4.4 (Rambaut 2018) and the packages ‘ape’,
‘dendextend’ (Galili 2015), ‘phangorn’ (Schliep 2011: 2011), and ‘phytools’ (Revell 2012) in the R
statistical environment v3.6.3 (R Core Team, 2020) to visualize and manipulate the results of the sliding
window, coalescent-based and phylogenetic analyses.

QuIBL. We made use of QuIBL, a new tree-based method (Edelman et al. 2019), to differentiate
between the models with ILS+introgression and with ILS only, and to obtain localized information on

introgression. The method is described in detail in the Supplementary Materials (Section SMM5). To carry
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out the QuIBL analysis, we used the fasta alignments we generated for our sliding window analyses and kept
one sample per species that had the highest sequencing coverage (Table S1). Because S. compactum showed
strong genetic structure among the populations, we used two samples from two different populations in this
analysis. We used 49 scaffolds longer than 2 Mb that equal to 44% (175.6M bases) of the total length of the
reference. Since QuIBL is sensitive to recombination (Edelman et al. 2019), we extracted small 2-kb
windows separated by 20 kb from each sample with Seqgkit (Shen et al. 2016) to decrease the probability of
sampling a window containing a recombination breakpoint (Edelman et al. 2019). We then discarded all
windows that had samples with 100% of missing data and generated sliding window trees for the resulting
3,222 windows in the same manner as for our Sliding window tree analysis. We filtered the inferred ML-
trees based on the number of parsimony-informative sites (>=10), and used the resulted 3,195 trees as an

input for QuIBL (https://github.com/michaelmiyagi/QuIBL). The QuIBL output was analyzed in the R

statistical environment v3.6.3 (https://github.com/michaelmivagi/QuIBL/tree/master/analysis), and we used

the species tree topology to assign the outgroup to each triplet. We also calculated the percentage of loci
supporting discordant topologies and showing significant evidence for introgression. We used the package
‘lattice’ (Sarkar 2008), ‘corrplot’ (Wei and Simko 2017), and ‘ggplot2’ (Wickham 2016) to visualize the
results of this analysis and the D-statistic tests.

Dror. analysis. To test for ancient introgression among the species, we used the Droy, statistic (Pease
and Hahn 2015). This extended version of D-statistic allows estimating of gene flow direction, and inference
of gene flow between the ancestor of a species pair and extant species, and has been widely used to infer
recent and ancient introgression, often in combination with the traditional D-statistic (Fontaine et al. 2015;
Pease et al. 2016; Arnason et al. 2018; Moodley et al. 2020; Vianna et al. 2020). We generated 100-kbp fasta
alignments for one sample with the highest sequencing coverage per each species (Table S1) in the same
manner as described above under “Sliding window analyses”, except that we included all the scaffolds
longer than 1M bases. The window size of 100-kb has been suggested as being sufficiently large to keep the
proportion of false-positives very low (Pease and Hahn 2015; Pease et al. 2016; Vianna et al. 2020). We then
converted the fasta alignments into Droy. input files (https:/github.com/jbpease/dfoil), and performed the test
for all phylogenetically correct, given our species tree, symmetrical five-taxon combinations with one
ingroup clade older than another and F. sericeum as the outgroup. We filtered the windows based on
minimum total number of sites (>1000) and minimum number of site counts for any of the Do components
(>100) per window. We used a x* goodness-of-fit test with a cutoff of p<0.001 to determine the significance
of the inferred introgression signal (Pease and Hahn 2015; Pease et al. 2016). We then estimated the number
of consecutive windows showing significant signal of any introgression for each five-taxon combination in

the R statistical environment v3.6.3 (R Core Team, 2020).

Data availability

The raw sequencing reads generated in this study are available in the European Nucleotide Archive,
and can be found under study PRJEB39751. The samples and the voucher specimens used in this study are

deposited at the Trondheim Herbarium (TRH). Information on the samples can be found in Table S1.
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Tables

Table 1. Sampling summary. Number of samples collected from each of the allopatric populations for each

of the 12 studied species.

Sample size,

Sample size,

Sample size,

Total number of

Species Subgenus Norway Austria Germany samples

S. capillifolium Acutifolia 8 7 2 17
S. compactum Rigida 8 3 2 13
S. divinum Sphagnum 9 9 0 18
S. fimbriatum Acutifolia 4 4 3 11
S. flexuosum Cuspidata 9 3 2 14
S. fuscum Acutifolia 8 9 2 19

S. lindbergii Cuspidata 9 3 2 14
S. platyphyllum |  Subsecunda 8 4 0 12
S. riparium Cuspidata 8 5 1 14
S. squarrosum Acutifolia 9 8 2 19
S. subnitens Acutifolia 8 9 2 19
S. tenellum Cuspidata 12 6 2 20

27




Figure captions

Fig. 1. Sampling locations for and genetic differentiation among the individuals investigated. (A) Sampling
locations. The symbols represent sampling locations for all 12 species, most collected from two parapatric
populations in Austria (Tamsweg district [Austria 1] and Upper Austria [Austria 2]) and Norway (Namsos
area [Norway 1] and Trondheim [Norway 2]), as well as from two populations in Germany (Table S1). (B)
PCA of all individuals in the space of the first two principal components and (C) in the space of the first and
the third principal components. All principal components were statistically significant (p<0.001, Fig. S1).
(D) Individual assignment for each of the 190 individuals to well-defined species for the most-supported
model with K=12 genetic clusters (ADMIXTURE analysis).

Fig. 2. Global pairwise weighted Fsr among the Sphagnum species investigated.

Fig. 3. Phylogenetic relationships among the species inferred using concatenated genetic markers
(mitochondrial and nuclear dendrograms). The coloured lines connect samples of the same species on the

two dendrograms, the colour code is shown on the left.

Fig. 4. The coalescent- and sliding-window based phylogenies. (A) The coalescent-based species tree. The
node colour represents ASTRAL local posterior support according to the scale shown on the left. Colour of
branches refers to the species as on (B), length of the branches is in coalescent units as shown at the bottom.
(B) Cladograms of the coalescent-based species tree (heavy black lines) and of 500 gene trees (in green)
randomly sampled from 988 inferred gene trees. Each species is downsampled to one sample (Table S1). The
node colour represents node recovery (concordance factor), i.e. the fraction of all gene trees recovering a
particular node, according to the scale shown on the left. (C) The most common topologies in gene trees and
(D) in 100-kb sliding-window trees, the number represents the percentage of trees with the given topology.
Fig. 5. Tests for introgression. (A) Mean pairwise D per species pair (upper diagonal) and the mean total
proportion of introgressed loci per species pair inferred through the QuIBL analysis (lower diagonal). Empty
squares correspond to the pairs that have not been tested since they are sister species in our dataset, and 0
values correspond to non-significant values. The nuclear-based cladogram is shown on the left, red cross
symbols designate the species that are placed in disagreement with the plastid-based phylogenies. The colour
of boxes and branches represents the subgenus as shown on the top left. The cladogram includes lines
schematically representing interspecific introgression events based on summarized results of the Dron
analysis. The colour and shape of the lines indicate the average portion of windows supporting introgression

between the branches as shown on the top. (B) Schematic summary of results of Drop, analysis on a five-

taxon phylogeny with four in-group taxa (P,—P.) and an outgroup (O), P;, is an ancestral branch. The
numbers correspond to the proportion of introgressed windows for the corresponding type of introgression
(P.=P;, P,&=P;, P,&=P,, P,,&=P;, P,,==P.) averaged in all tested five-taxon topologies followed by its
standard deviation. (C) Fixe-taxon phylogenies with the highest proportion of introgressed windows inferred
with the Dror analysis. The phylogenies include lines, which represent introgression events as in (A), the
numbers represent the corresponding proportion of windows showing ancient introgression to the total
number of windows analyzed for the phylogeny. Colour of species names highlights represents the subgenus

the species belongs to as in (A).
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Supplementary Materials and Methods

SMM1, DNA extraction. Individual capitula of the dried samples were manually cleaned
from visible exogenous contamination under a stereo microscope. In order to minimize contamination
with the peatmoss ectomicrobiome and environmental DNA, the capitula were thoroughly washed in
distilled water and air-dried. The dried tissue was lysed using the Qiagen Tissue Lyser II (Qiagen) for
120s at 30Hz, and total DNA was extracted from cleaned capitulum tissue following the protocol for
dried tissue with RNase of the E.Z.N.A. HP Plant DNA Kit (Omega Bio-tek). DNA concentration was
measured with the Qubit 2.0 Fluorometer (Thermo Fisher Scientific), and the length of the extracted
DNA fragments was quantified on an agarose gel for a subset of the samples. Extracted DNA was
fragmented to a mean length of approximately 400 bp via sonication using the Bioruptor Pico
(Diagenode) with the following procedure: 5 or 6 cycles of 15 sec ‘on’ followed by 90 sec ‘off’. The
fragmentation was confirmed by visualizing the samples on an agarose gel.

SMM?2, Testing the library preparation and sequencing. A subset of 11 samples, one sample
for each species (except for S. riparium), was selected to perform a test library build and sequencing.
Individual whole-genome DNA libraries were prepared using customized adapters (Meyer and
Kircher 2010) following the Blunt-End-Single-Tube method by (Carge et al. 2017). The method was
developed for application to degraded DNA, but has been successfully used for modern data (e.g.
Ribeiro et al. 2019; Bieker et al.) due to its simplicity and low cost. To attach sample-specific dual-
indexing barcodes to the fragments, an indexing PCR was performed in 50 pL reactions with 5 pL of
library template using custom indexed primers following the protocol for AmpliTaq Gold polymerase
(Applied Biosystems) by (Kircher et al. 2012). The thermocycling profile was 10min at 95°C, n
cycles of 30s at 95°C, 1min at 60°C and 45s at 72°C, and a final extension step of 5min at 72°C. To
avoid the excess of PCR duplicates in the sequencing data, we determined the optimal number of
cycles for each library with RT-PCR prior to indexing PCR. Amplified libraries were purified, and
quantification and size estimation were performed with the Qubit 2.0 Fluorometer (Thermo Fisher
Scientific) and the Bioanalyzer 2100 (Agilent). The libraries were pooled equimolarly based on the
molarity of each library within the size range of 420-580 bp, and the pool was size-selected to a mean
size of 450 bp using the BluePippin (Sage Science). The quality of the size-selected pool was checked
with the Bioanalyzer 2100 (Agilent).

SMM3, Library preparation and estimation of the endogenous DNA content. The rest of the

samples were prepared as described above, except that indexing PCR was carried out following the
protocol for Herculase II Fusion polymerase (Agilent) by Dabney and Meyer (2012). Number of
amplification cycles varied from 12 to 24 between the libraries based on the RT-PCR results.
Negative extraction, library build and PCR controls were included in each run. The test sequencing
run revealed DNA contamination of various degrees in the samples. Thus, we performed small-scale
sequencing for the rest of the libraries to estimate per-sample endogenous DNA content. The libraries
were pooled equimolarly into 2 pools (containing 156 and 62 samples) that were size-selected and
quality-checked as described above and sequenced at the NTNU University Museum (Trondheim,
Norway) on an Illumina MiniSeq in 150 bp paired-end format. The raw reads were treated in the same
manner as described in “Sequencing data processing” in the main text, and for each sample, the ratio
between the number of reads aligned to the reference genome and the total number of reads retained
after trimming and filtering was used as the endogenous content estimate. Based on this estimate, 16
pools with 7 to 20 libraries each were prepared, size-selected and quality-checked as described above.

SMM4, D-statistics. Based on a phylogenetically correct topology for a triplet as
(((P1,P2),P3),P4), D-statistic compares the number of derived and ancestral sites shared between P1
and P3 and between P2 and P3: D=(nABBA-nBABA)/(nABBA+nBABA) where nABBA is the
number of sites for which P1 has an ancestral allele while P2 and P3 share a derived allele, and
nBABA is number of sites for which P1 and P3 share a derived allele and P2 has an ancestral allele
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(Green et al. 2010). Even under a scenario of incomplete lineage sorting, given that the
(((P1,P2),P3),P4) topology is the true topology, P3 should share the same number of sites with both
P1 and P2 if there is no gene flow between P3 and P1 or P3 and P2, so D is equal to 0 (Green et al.
2010; Martin et al. 2015). The null hypothesis about no gene flow between the species is rejected
when D-statistic significantly deviates from 0 (Green et al. 2010; Martin et al. 2015). D-statistic can
detect ancient and recent gene flow and is robust to different mutation rates and demography in P1
and P2 since their divergence, as well as to the effects of ILS (Green et al. 2010; Durand et al. 2011;
Patterson et al. 2012; Martin et al. 2015). Traditional Patterson’s D-statistic uses information from 1
individual per population. We used Abbababa2 algorithm implemented in ANGSD which extends D-
statistic to use multiple individuals per species by using a weighted sum of the estimated allele
frequencies for each individual in every population without calling genotypes (Soraggi et al. 2018).
The method provides more accurate estimates of introgression compared to traditional Patterson’s D-
statistic (Green et al. 2010), and performs the best at low and medium-coverage data (1-10x) with
sample size of 10 and more (Soraggi et al. 2018).

SMMS5, QuIBL. QuIBL provides estimates of introgression proportion and of the likelihood
that a locus falls into the model with introgression or with ILS only. For a triplet of species,
topologies discordant to the true species tree should have exponentially distributed internal branch
length given there is no gene flow among the species. If gene flow took place, the internal branch
length distribution will in addition include an element corresponding to the time between the
introgression event between the two species and the speciation event of all three species in the triplet
(Edelman et al. 2019). QuIBL first estimates the distribution of internal branch length at each locus
for a triplets of species. Using the genome-wide distribution, it then uses the expectation
maximization algorithm to estimate which distribution each locus falls into, the parameters of the
distribution and the likelihood that this distribution corresponds to the model with ILS and
introgression (K=2) or with ILS only (K=1). The model that has the lowest Bayesian Information
Criterion value is preferred, and a conservative threshold of BIC(>10) is used as a significance
criterion (Edelman et al. 2019).
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Fig S1. Statistics for nuclear PCA. (A) Variance explained by the principal components and (B) Tracy-
Widom statistics for each principal component.
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Fig. S2. PCA of S. capillifolium, S. fuscum and S. subnitens individuals (A) PCA of all individuals in the
space of the first two principal components and (B) in the space of the first and the third principal

components. (C) Variance explained by the principal components. (D) Tracy-Widom statistics for each
principal component.

>

PC2 25.84 %
-0.2 0.2

(@)

Variance explained, %

0.0 0.1

10 15 20 25 30

5

0

®

O S.capillifolium
B S.fuscum
0O S.subnitens
T T T T T
-0.05 0.05 0.15

PC1 29.66 %

)

1l @

| o

T |,”?.1_I4.

1 3 5 7 9
PC

PC3 16.97 %
0.2

-0.2

TW statistics

0.0 0.1

D

' 4

005 0.5
PC1 29.66 %

T
-0.05

[ ]
[ ] [ ]
| ° o
_l. o® ®
T T T T T T T T T g
1 3 5 7 9
PC

37



Fig. S3. ADMIXTURE results summary. (A) Boxplot with 10-fold cross-validation error (y axis) in all
replicates with the corresponding number of K (x axis). (B) Replicates with the lowest 10-fold cross-
validation error.
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Fig S4. Pairwise F_ among the species (A) based on the SNP data (upper triangle, GATK) and on

genotype likelihoods (lower triangle, ANGSD). (B) Relationships between SNP-based and genotype
likelihoods based pairwise F_, the numbers in the right corner correspond to r, followed by the probability

value.

ST

S. capillifolium

S. compactum

S. divinum

S. fimbriatum

S. flexuosum

S. fuscum

S. lindbergii

S. platyphyllum

S. riparium

S. squarrosum

S. subnitens

S. tenellum

B

WC Fst from SNP data

T T T T
0.75 0.80 0.85 0.90 0.95

Fst based on GLs

39



Fig. S5. Phylogenetic relationships among the species inferred using concatenated genetic markers (A) using
the nuclear genome, (B) using the chloroplast genome, (C) using the mitochondrial genome. Color of the
nodes refers to the bootstrap support of the respective node according to the scale bar shown on the left, all
the branch tips within each species were collapsed (triangle symbols). (D) Full nuclear-based tree, color of
the nodes and branches refer to the bootstrap support of the respective node according to the scale bar shown
on the left.
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Fig. S6. Coalescent-based and sliding-window analyses (A) Node recovery by the gene trees versus branch
length in coalescent units. (B) The consensus tree inferred with sliding window analysis. Color of the nodes
refers to the concordance factor as the percentage of sliding window trees recovering the respective node,

color of tip branches refers to the species as shown on the right.
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Fig. S7. D-statistic using F. sericeum as the outgroup in relation to other factors. (A) D-statistic, number of
sites in all triplets, and number of triplets for a species pair. In all boxplots, the central line is the median, and
lower and upper hinges represent the first and third quartiles. (B) The relationships between the number of
sites under comparison and absolute D-statistic per triplet. (C) The relationships between the number of sites
under comparison and average absolute D-statistic (calculated using triplets with significant D values only)
per species pair. (D) The relationship between pairwise absolute average D-statistic (calculated using triplets
with significant D values only) and pairwise F,. (E) Spearman’s rank correlation between D-statistic values
per triplet obtained with window size of 1-Mbp and 5-Mbp using F. sericeum as the outgroup. In all
scatterplots, the numbers correspond to r, followed by the probability value.
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Fig. S8. Migration events reconstructed in TreeMix, the trees inferred with 0 to 5 migration events allowed (top
to bottom) are shown on the left. The replicate with the highest likelihood is shown, the numbers correspond to
variation explained by the model, standard error and the likelihood of the model. The scale bar on the left
represent the migration weight. The residuals of the corresponding model are shown on the right, the scale on
the right shows the standard error.
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Fig. S9. QuIBL results for the triplets with significant evidence for introgression. (A) Relationships between
internal branch length in coalescent units and total proportion of introgressed loci, blue symbols represent
triplets with true topology, orange symbols represent triplets with discordant topology. (B) Distribution of
average introgression probability for discordant topologies inferred with QuIBL in 2-kb sliding windows
across the scaffolds longer than 1 Mb, gray colour corresponds to 20-kb gaps among the sliding windows or
to sliding windows with missing data.
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Fig. S10. Number of blocks of consecutive windows showing significant evidence for any introgression
among all five-taxon phylogenies. In all boxplots, the central line is the median, and lower and upper hinges
represent the first and third quartiles.
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Fig. S11. Percentage of potentially heterozygous variants in all species.

tenellum- —-—
subnitens - 4-—
squarrosum- o —-—
riparium- —-—
platyphyllum- —-—
— -

lindbergii-
fuscum-

flexuosum-

F.sericeum- |
divinum-

compactum-

capillifolium -

— -
— -
—l-
—l-
— I

0.0 09
Percentage of variants with 0. 33 0 67 alleles counts ratio

47



3.26€88'€T N.2TBOT LV  £98T] wnjeuiben] Gingzies|  ewisny[ ZG0° | OT'0 | £0°0 | €00 | TSL | ST0 | T0'0 | T0°0 | T6'TL | 200 | 2v'0 | Sv0 | 906'88TV6SWT | EEGO9E'EOT | T emisny|  ZT/T0/90  OTLTLY epibid] 68 81|
wnioydou3 pue ‘Biog Jopjejienes|
®'ioy0d BpaWOIpUY| ‘nebun “asig|
“BlOUS SNPIEN UIM|
mopeaL/ua) passeIo)|
3.084v85 0T N.09Y9S8'2S Ho0IqUBES] uasy[ Auewses| S8 | 10 | 100 | 100 | v | ZTO | 000 | 000 | 26T | ¥TO | 660 | Sv'0 | 6EV2ZG0STZ | BSLPO9WT | AUBWISD| JUEO/TY|  Tv8ILY  Bjojindy] 2za9| I1]
‘uazian ‘Auoxes Jamol| desiapaiN|
3.9V699°0T N.SL2TEE9|  Se| Geopupil| KemioN| zZT | 820 | T00 | 100 | SIT | Z€0 | 000 | 100 | 08 | 9E0 | OE0 | LVO | VYB6ZOTITY | 06BTEC6Z | Z AeMON| L1/60/80 E€68TTY|  ejoyinoy|  wnjojides wnubeyds|  zeav| 9T
-eunjied) auid|  jo N B ‘UasyeI] 10|
yum 6og aydonoquio|
3.VLTBLET N.E6EBOLY|  £69T uibreuw| sBuipunouns|  Bingzies|  ewmisny| 98T | 020 | 000 | 000 | TIT | G20 | 000 | 000 | €0 | 020 | ETO | 9T0 | Se6'BOVVEICT | 98LZce88 | T ewlsny| [I/E/S0| €OLTLY|  elomndy|  wnjopides wnubeyds|  zzal| St
a1 Te syoowwny pue Soowass|
ur 0Bnw snuid Buowy| ‘Blaquaziemyos|
‘nebun “asiq|
3.T595V'TT N.v899Z¥9|  201| ds (euuofiieq)| Gefpusil] KemioN| LZT | 9T0 | T00 | T00 | SOT | 020 | 000 | 000 | 80'E | ¥TO | 820 | 260 | BOGVIELLBY | SI9OTYcE | T AMON| ZT/SZ/OT|  ZOGITT|  ®jojindy|  wnjojijided wnubeyds|  ¢san| v
euniied yim al  -pion|
‘1sai0) onuds|  Aq 1eurenbue Jo 3|
o) uomisues ‘aud
yum 6og a1ydonoiguo)
3.0ELV85 0T N.09v958'2G o0IqUBEY] uasy| Auewses| 89z | LT0 | 100 | T00 | 2Tt | 120 | 000 | 000 | 09°€ | 9T0 | 920 | 160 | 1827100209 | 9L6V060y | AUeWNdS| [T/E0/TT| OV8ITL  efojindy|  Wwniojides wnubeyds| za9| e1]
‘uazjan ‘Auoxes J1amo7| JesIepaIN|
3.VLTBL'ET N.E6EBOLY| 2691 uibreuw| SOUIpUNOLINS| — ingzies|  ewisny| 865 | ZE0 | T00 | 100 | €92 | 2v0 | 000 | 100 | 08% | SEO | ZT0 | 920 | 9TZ€Tc02Z el | 0Zv'S9L28 | T ewlsny| [I/E/S0| 9OLTIY|  eomndy|  wnjojides wnubeyds|  zsa1| 21
i e syoowwny| pue Soowass|
ur oBnw snuig Buowy| ‘Blaquaziemyos|
‘nebun “nsiq|
3.7LT8LET N.E6EBO'LY|  L69T] [ sBuipunouns| — Bingzies| ewisny| vIZ | 9T0 | 200 | 200 | 8SZ | T20 | 100 | 100 | 82S | ¥TO | SE0 | 0 | T9T90629L9 | viViSOZv | T ewlsny| [I/IE/S0|  OLTTY|  ejojindy|  wnjojijided wnubeyds za 1]
a1 Te syoowwny pUE S00Waas|
ur 0Bnw snulg Buoury| *B1oquazIeMUdS
‘nebun “nsiq|
3.68009°0T N-vOTBE'€S[  851| oouny| 1UeADDaIS| BelapUsIL| ABMION| ¥6€ | 020 | 100 | 100 | Z6T | 920 | 000 | 100 | 9€'G | 610 | v60 | 2v'0 | 2eZ'9S9T6LL | 6SvVIZ8Y | ¢ AeMION| /1/60/80] T68TTT|  Byojindy|  wnjojjided wnubeyds|  csag| o1
15910} Bu1 BuId -]
33,1595V TT Nov899Z 79| Z0T| ds| (euughieq)| Bejapusil| Aemion| 86v | LT0 | T00 | T00 | 2Tz | €20 | T00 | T00 | €09 | STO | Zv0 | 6v0 | TE020STLE'Q | 929°'6852y | T AemioN| /T/Sz/oT| —868TTT|  Bloyindy|  wnyjoyyided wnubeyds| 28N 6|
'eun|ed yim al -pIoN|
‘isoi0j 2onuds|  Aq 1ouieABUET JO 3
o} uomsues ‘aurd|
uim 6og a1ydonoiquio|
3.7v699'0T N.SLZTE €S| Se| g GejopupiL| KemioN| €0E | 120 | 000 | 000 | €5T | 520 | 000 | 000 | 989 | 020 | 920 | €60 | OSTOVSZOLZT | €6LZLET6 |  AeMON| /1/60/80 968TIY|  ejomnoy|  wnjoyides wnubeyds|  zsav| )
-eunjie) auid|  jo N aiw ‘uaselq| -108|
yum Bog a1ydonoiquo|
3.T8E98'ET N.2O/BT 1Y 8251 HOOUUINH J00WIBSUIW— Dingzies|  emsny| 192 | 800 | T00 | 100 | Z6¢ | €10 | 100 | 100 | ¢v'9 | 200 | LEO | Ov'0 | 6vI8BLYBS8 | ¥BYGE0Z9 | T ewsny| T/OE/S0|  869TTI|  eyomndy|  wnjoided wnubeyds|  cea3| |
‘SUrRIINOW
neiny ‘nebun “nsiql
3.TBE98ET N-Z9L8TLY|  825T] oOUILNH Gingzies| ewisny| £02°T | 600 | 200 | 200 | €2v | v | T00 | 100 | TZZ | 800 | SEO | 860 | 6S9ESOLSOTT | TE066YYB | T ewlsny| LT/OE/S0|  L69TTL|  elojindy|  wnijojijide: [ZEXE
‘surelunop|
neiny ‘neun -nsiq
3.TBE9B'ET N.2OLBT LY 8251 HOOWWNH Bingzies|  emsny| 096 | 810 | 100 | 100 | 95¢ | ¥Z0 | 000 | 000 | ST'8 | 8TO | 920 | T€0 | ¢vE08900V'9T | v6LOBT6IT | T ewisny| [T/0£/S0] TOLTTY  eyojndy|  wnjojijdes wnubeyds|  ¢sa3 g
‘surelunop|
neiny ‘nebun “nsiq|
3.ECYBYET N.S6SOL LY ¢S] oowLny Ua) 100 o[ emsny| 687 | 8T | 000 | 100 | SI¥ | 120 | 000 | T00 | ¥28 | 6T0 | 920 | 2E0 | S990EE'99V'YT | OvW'2T9LOT | ¢ emsny| T/v0/90|  LOLTTT|  eyojndy|  wnjojided wnubeyds|
“Buebyjop 1121501300
1 "ewsny saddn|
T.T595 1T Nov899¢ 79| 20T 5 (eUUGNEq)| Deopusll] AemioN| 707 | £10 | 100 | 100 | 022 | 120 | 000 | 000 | 806 | 110 | 660 | £P0 | OpeZ99P00T | 96T 0BO0Z | T ABWON| ZI/5C/01| GGBILY|  Bjojimoy|  Wojjides wnibey Zzan| €|
eunTeD T pIoN|
“TSa10] 33NIds|
o7 Tonrsuen aui|
QW DO JIAONOTu
3.€8009°0T N.vOTBE'€9| 85T Soouiny| 1oueAPpaTO| BelepUGIL|  AemiON| 9/T'T | 8TO | 200 | 200 | 025 | ¥20 | 100 | T00 | ¥56 | STO | SO | €50 | SIBTESYPC6 | OEL29TZ9 | ¢ AemioN| /T/60/80]  /BBTTT|  eyojindy|  wnjojided wnubeyds| zag ¢
“)S810} BIIW BUId)| -10|
3.£8009'0T NoVITBE €Y 85T oowuwinyl 10urenppalo| bejapusil  Aemson| 6TT'T | OT'0 | 200 | 20°0 | Tev | ST'O | TO'0 | TO'0 | 22'6 | 60°0 | vS'0 | 650 | 2ev6'IST'EBE'S | YOT'298'09 | 2 AemuioN| LT/60/80| 88BTIT| eHomndy| wnioyiides wnubeyds| zzad| 1|
‘1S310} AW Buld| -19S|
SeleuIpI00D KBooo3 RureooT awis [Knunod | zt | L | 0T | 6 B 7 9 S v B z T | owouab reapnu | swouab [uoneind sreq ai Snusbans seads @ |on
‘speal paurejas reappnu
u1 sapnoajonu ‘speas w
10 13qUINN paurelas nueqioH
10 1eqUINN w
1aupuoiL

awouab 1sejdoiojyo ‘abelano) zT ‘awouab 1sejdoiojyd ‘sayedrdnp

¥Od Jo uonaeid TT ‘awousb isejdoiojyd ‘speas paddew Ajanbiun jo uonoeiq ot ‘swouab 1sejdoiojyd
‘speas paddew Jo uondeid 6 ‘awouab [eupuoydoiw ‘aberano) g ‘awouab eupuoysoiw ‘sayealdnp
¥Od Jo uonoeid 2 ‘awousb [eupuoydolw ‘speas paddew Ajgnbiun jo uonoeld 9 ‘awousb [eupuoyIoNW
‘speal paddew Jo uondeld G ‘awouab Jeajonu ‘abelano) v ‘awouab reajonu ‘sajealdnp ¥Od Jo uondelq
€ ‘awouab seajonu ‘speas paddew Aj@nbiun jo uonoel4 g ‘awouab sesjonu ‘speal paddew jo uonoei4 T
ZT-T suwnjod

sisAleue "*q 10j pasn asem , yum paxrew pajdwes ‘siskjeue 1gINd
10} pasn aiam pjog ul sajdwies ‘salieidl] 1INg Jo 18s Is1l) au) 0} Buojaq paullIapuN pue salfe) ul sajdwes

Apnys ay) ul papnjoui sajdwes [fe 1o} Arewwns Bupuanbas "1 ajqeL

04

48



3.60/562T N.OTYS0'8Y| 82| J00U Jaua] Uols[ emsny| 189 | ST'0 | €00 | €00 | €92 | 8T | 100 | T00 | €8%€ | ZL0 | 250 | 650 | O09E'€99LEEE | Z8YPOEEL | ¢ ewsny| LT/E0/90]  OELTTY wnuip TSvn| oY)
*B1aqs|ab63 '100w| L21S013G0)|
Jawiq "einsny saddn)|
3.60/56°2T N.OTrS0'8y| 82| 00U Jaua] o3[ emsny| 8vE | 8T'0 | 100 | 100 | Tyl | 220 | 000 | 000 | vg¥ | 910 | 920 | 260 | PIOBZGEEOL | 082SOGES | ¢ ewsny| LT/E0/90]  LZLTTY wnuiAp Tevn| vy
*618qs1a663 ‘100w| L21S013G0)|
Jawq ‘eusny Jaddn)
3.60/56'2T N.OTrS0'8y|  827| 100w Jouiq| uois|  emsny| 969 | 1€°0 | 200 | €0°0 | ¢vz | SE0 | 1000 | T00 | Or'v | 00 | 980 | 250 | 66,'9952/2'S | €6v'e6r'Se | ¢ emsny| LT/£0/90] 9zZTTT| wnubeyds| wnuinp wnubeyds| N 7]
*618qs19663 *100wW| 21501200
Jowq ‘eusny Jaddn)
3.706250T N.S9S9E'€9| 64T 15810] pue iUl BIAWSaIBI] Jo| BefapusiL| AemioN| €05 | ¥T0 | T00 | T00 | €8T | 020 | 000 | 000 | OTS | €10 | 820 | €60 | TOL'S06ZSE'8 | 0S000L'9G | ¢ AemioN| 8T/v0/S0]  ve6ITt| wnubeyds| wnuAp wnubeyds| 1Yo 2]
21ydon0IqUIO UBBMIBT| MN ‘PRISIID JO S BN 16|
uonisues ‘ubre
3.T0525°0T N.G9S9E'€9]  SLT] 15310 pUE 31 BIAWS3I6Iq Jo| Befppusil|  AemioN| 2Z9 | TUO | T00 | 200 | 982 | LTO | 100 | 100 | €19 | OTO | Ov'0 | Sv'0 | byTOTE'BA0L | £80'6/8'8Y | Z ABMION| BL/V0/90|  EE6ITT wnuinp Vo[ 17|
21ydonoIquIo UBaMIAA| MN ‘PeISIBIS JO S BN -10|
uonisuen ‘uibren
3.90009°0T N.ZTT8E'€9[ 91| [EErT ToUIRAPP3[O| BefopusiL]  ABMION| 09TT | T€0 | 200 | 200 | 992 | 980 | 000 | 100 | 229 | 820 | 920 | LE0 | ¢826C'BLLOT | BYLELLLL | € AemioN| wnuinp TSval oy
-105
3.T6E88ET NoBLLOT'LY| 6987 g Bingzies|  emsny| €60 | 810 | 200 | 200 | vev | ¥20 | 100 | 100 | ¥€9 | 9T0 | 160 | ZE0 | 6IL¥7IL6626 | ¢L1289p9 | T ewsny| wnuiAp TV 6
J00d upyo0wWNY Mo ‘B1og Japjapianes|
‘nebun “usiq
3,90009°0T NoLTT8E'E9|  €ST| uibrew au| 19urRApPafD| BejapualL]  AemioN| 6T9'T | ST'O | SO0 | 900 | 287 | 020 | 200 | 200 | 269 | €T0 | 990 | 920 | 6EEVETTI8Y | Z9T'926'EE | ¢ AemioN| LT/60/80|  €¢6TTT| wnubeyds wnuiAp wnubeyds| Teve| 8|
10|
3VLTBLET N.EGEBO'LY| 2697 uibzew sbuipunouns| Bingzies|  ewisny| T92°T | 8T0 | 200 | 200 | 9Tv | v20 | T00 | T00 | 6TZ | OT0 | 820 | €60 | 80Z7W6'OL6'TT | 08826218 | T ewisny| LT/Te/S0| OTLTTE| wnubeyds| wnuinp wnubeyds|  Tev| Lg|
BJIWw Je sypowwWNyY| pue S00WaBS|
Uy 0Bnw snuig Buowy| ‘Blaquazemios|
‘nebun “nsiq
3.T0525°0T N.G9S9E'€9]  SLT] 15310} PUE 31 BIAWSaIBiq Jo| Beppusil|  AemioN| 868 | OT'O | T00 | 200 | YSE | 9T0 | T00 | T00 | VEL | 600 | 860 | Tv0 | G62GC6€60'6 | BE6VYSZ9 | Z ABMION| BL/V0/90|  ZE6TTT wnuinp V[ o]
21ydonoIquIo UBBMIAA| MN ‘PeISIBID JO S AU -10|
omisues ‘ubie
3.T6E88°ET NoBLLOT'LY|  698T] ug)| Joowjsbauzies| Binazles| ewsny| 02T | ¥20 | 1000 | 100 | ISy | 050 | 000 | T00 | S6Z | €20 | 220 | 820 | 2OT'006'ZCTZT | BTT'€0Z9TT | T ewsny| LT/10/0 vz Ttt| wnubeyds| wnuinp wnubeyds| 15w Se|
J00d upyoowwny Mo ‘Biog Japjapianes|
‘nebun “nsiq
JWLTBL'ET N.EGEBO'LY|  L69T] uibrew Sbulpunouns| — inqzles|  ewisny| ZE€T | OT0 | 100 | T00 | €25 | STO | 000 | 000 | 908 | 800 | 220 | €20 | 6LB'EOESBZTZ | OVO6BYPST | T ewisny| /U/Te/50]  6TZITT| wnubeyds| wnuAp wnubeyds| 15Vl V|
Bdiw Je sxoowwny| pue SooWsaS|
Uy 0Bnw snuig Buowy| ‘Blaquazemuos|
‘nebun “nsiq
3.TS9GK TT N.¥899Z V9| oowwny 6og Mo (euuofijeq)| GelepuaiL| AeMION| 9GE'T | ST'0 | 200 | 200 | 6E€ | €20 | 1000 | T00 | ¥S8 | 210 | IO | O | LIG60T6856 | £98GESPO | T ABMION| LT/E0/0T  8261L1 wnuiAp TUN| €|
uaptequuahieq “pIoN|
A 10urerbue Jo 3
3.T6E88°ET NoBLLOT'LY| 6987 ud) Binqzles|  ewisny| GSGT | 20 | 100 | T00 | 25 | 620 | 000 | 100 | 2€0T | €20 | 120 | 820 | €€v'809Z68'TZ | 820L298ST | T ewisny| ZT/10/90]  €¢LTTy wnuinp Tova| ce|
J00d upyo0WwWNY Mo ‘B1ag Jopjapianes|
‘nebun nsiq|
TGOSV TT NovBIIC 79| FOOUWITMY DO M0 (eUUZNEq)| DelPpUBIL| AeWJON| Z8Z'T | ZT0 | 200 | 200 | 06t | 020 | T00 | T00 |95 0L | OT0 | 550 | 190 | 029€2Z0IZ8 | 9Z0EIE S | T AeaioN| BBTTT wnaiAip ¥IZVN| TE|
TOPEqUUENE]|  PION
qTRIeADUET 0 3
3.8295V'TT N.8TS9Z ¥9| 66 S1adre)) (euuofijeq)| beiepuaiL| AemioN| »ZT | 220 | 000 | 000 | 6Z | 050 | 000 | 000 | €8T | 220 | Z00 | 600 | Z9F8Z9GOZEL | ETBOZ606 | T ABMION| Z1/GZ001  LT61Li]| BpIid| 6aIN| Og|
0) uomIsuex ‘smojjoy uasppequuefiea  -pioN|
paqimisip olydonoiquio|  Aq 1aurenBue Jo 3
3.06€526'6 N.OLVZOT €5 3piH uasyl AUeWIdS| 20z | 21’0 | 100 | 100 | €L | ZT0 | 000 | 100 | S22 | 210 | L0 | 2v0 | 20LTE62LLC | BLO'GSSGT | AUBWISD| LT/EO/TY  LVBTLL epibiy| 6e19| 62|
‘uabuidsig| oesiapaiN|
*uoxes 1omo]
3,8T2S5 0T N.GSSIE €9 2.1 1edred 0| eiAwsaibiq jo| Beppuell| AemioN| SzT | 810 | 000 | 000 6. | €20 [ 000 [ 000 | 29 | 810 | 220 | 220 | 0.6'809'S9T'S | 8vL'WO9'vE | Z AemuioN| LT/60/80[  SOBTTT epibry| wnjoedwod wnubeyds)| 6210| 82|
MN ‘PRISIIO JO S BN -18S|
3.06€526'6 N.OLVZOT €| 3pieH uasyl AUBWIdS| 2vS | 610 | 100 | 100 | OZT | €20 | 000 | 000 | SV'E | 8T0 | 020 | ¥20 | COTO9SEIVL | OBE6E0TS | AUBWISD| LT/SO/TY  GvelLy EpIBLY| 619] Lt
‘uabuidsig| oesiapaiN|
*uoxes 1omo]
3.Z6E88°ET NoZT80T LY L98T] wneuiben J00W|abaIIZ[ES| BiNGZIeS| euwisny| 6.6 | 810 | 100 | 100 | TvZ | 220 | 000 | 000 | 6S€ | LTO | OTO | 2T0 | 6/9'L9ZG29ST | SeEGvO90T | T eusny| ZT/T0/90]  60ZTTY] epibly|  Wnioeduod wnubeyds| 62 9|
wnioydou3 pue| ‘Biog Japjapianes|
®iojiod epawoIpuy| ‘nebun -nsiq
‘BIOUIS SNPIEN UIiMm|
MOpeaLL/UB) PasSeID)
3.8TV2S 0T N.GSGOE'€9|  L2T| 1odied 0| eIAWSaIbiq Jo| BelapualLl AemioN| €05 | 860 | 000 | 1000 | ST | 70 | 000 | 000 | ¥9€ | LEO | 600 | STO | 828902 WZEBT | 602 98T vel | ¢ ABMION| L1/60/80]  806TLL epibr| 6510 S¢|
MN ‘PEISIIO JO S BIIN| -18S|
3,8295¥ TT N.8TS9Z 9| 66| siaded)| (euugheq)| bejepusit| Aemion| zz9 | Tz'0 | 200 | 200 | 1S2 | 920 | TO0 | TOO | €0% | 610 | 820 | SE0 T6S'V88'EVZ'9 | YIS'Z6GZY | T AeMION|[ /T/SZ/0T|  6T6TIT] epibly| wnjoedwod wnubeyds|  Z 6vIN| ¥Z|
o} uonisuex ‘smojjoy uapfequuefieal  -pion|
paqinisip oydonoiquo|  Aq 1aurenbue Jo 3
3,T0699'0T N.E6ZTE EY)| 7Se| ume| ug) aind uaseuushyens| bejopugil| AemioN| S09 | €T°0 | 200 | 200 | TOE | 9T0 | TOO | T00 | 206 | TTO | 2v0 | L¥'0 | TEL'Z89ZLE'S | 20T'G88'z€ | ¢ AemuoN| T/60/80(  vT6TTT] epibly| wmoedwoo wnubeyds| Z esalv| €z|
JO N 31w ‘ussyeIq -10S|
3.8295V T N.8TS9Z ¥9| 66 S1adied) (euuofjeq)| BejopuaiL| AemioN| TSL | 6600 | 000 | 000 | 65¢ | 9v0 | 000 | 000 | Z2'S | IO | 900 | TL0 | 86S0E9'ESO'6E | OECVES69Z | T ABMION|  LT/52/0T  OT6TLL epibly|  wnoedwod wnubeyds| 6IN| 22|
o) uomIsuex ‘Smojloy uaptequuefiea  -pioN|
pagumisip olydonoiquio)| Aq 1ourenbuen jo 3
3.26E88°ET N.ZT80T'LY| 2987 wnieuiben Binqzies|  emsny| 89TT | 110 | 100 | 100 | €42 | 610 | 000 | 000 | 22§ | 600 | ¥T0 | 9T0 | SE8IBECIO 90S'ShZyoT | T ewsny|  LU/T0/90]  ZTir] Epibig| 65| 1¢|
wnioydou3 pue| ‘Biog Jopjaianes|
®iojiod epawoipuy| ‘nebun “nsiq
‘e1oLS SNPIEN LIm|
MOpesW/ua) passelo)|
3.T0699°0T N.62TE€9|  vag ume| U} aind| UaSpuUUBLEAS| DeopuaiL] AemioN| 98 | GTO | 100 | 100 | Z0E | 020 | 000 | 000 | 169 | STO | G20 | 620 | pZ80S9GOTPT | 99E'SBL'GOT | ¢ KeMiON|  Z1/60/80]  TT6TLY] epibly|  wnoedwod wnubeyds| 62lv| 02|
10 N 21w ‘uaISHRIg -185|
3,T0699'0T N.E6ZTEEY| VS| umej uaj aing| uasguushuens| bejapuall] AemioN| TIS'T | €T°0 | ¥0°0 | 00 | ZTS | 6T°0 | T0'0 | 200 | 20'8 | OT'0 | £9°0 | v2'0 | €O0E'6.8'VEV'S | 902'G0v'9E | Z AeamuoN| /T/60/80]  OT6ITT| epibRi|  wnyoedwod wnubeyds| 61v| 6T|
JO N 31w ‘usisyeIq -10S|

49



3.9vT09°0T N.8ZT8E'€9]  LST] 60g BejopuaiL]  AemioN] OvZ | ¢T'0 | 100 | T00 | 986 | 9T0 | 1000 | 1000 | 968 | ZT0 | 660 | v7'0 | VESVOTOLY'OT | 992'6EE08 | ¢ AeMION]  /1/60/80] S96TTT|  BIO/INdY| wnosny wnubeyds|  zezod| 9]
U0 soowLNy Mo 10|
3.vP699°0T N.GL2TE€9| el ¢ BejopusiL| AemioN| 926 | LT0 | 100 | T00 | 26 | 220 | 0000 | 000 | 090T | STO | 280 | LEO | S52'9S8'T98'9T | OT6Z90°GCT | ¢ AeMION|  /1/60/80]  VZ6TTT|  lo/andy| wnasn g50v| &/
-eunjied) auid| o N @i ‘ualsHeI]| 10|
yum Bog aiydonoiquol
3.52v88°ET N.90LOT V| . U3} Buidors . Bingzies|  emsny| Z68'T | vE'0 | T0'0 | 200 | 8wy | 8E0 | 000 | 000 | 0B'TT | €60 | ¥20 | LEO | £86'695268'SZ | TOV'ZSE'88T | T eMISNY| ZI/T0/90|  LSLTTL|  EloJInay| wnosny €203 v/
Jood ut ‘Bieg
‘nebun “nsiq|
319957 TT N.v899Z 79| 150785 U3} (Buuafifeq)| BelapuBlLl AemioN| 29T | ¢T0 | 100 | 100 | 6L | 9T0 | 100 | 100 | 252 | TLO | 9v0 | 150 | 626298'G6cC | BOBELEST | T ABMUION| T/E0/0T|  GS6TTT|  EJepidsnd| wnsonxayj vSaN| €Z|
uapequuofieal  -pion|
Aq10urenbue Jo 3
3.8TS8Y'ET N.20S9L'LY| 8| 15810] 23SUBZIBMIDS] o] elisny| 8T | €10 | €00 | €00 | T8T | LTO | 100 | 100 | OV'E | TT0 | G0 | ¥90 | 8YS'990'89¥'Z | GL00S8'OT | Z BSNY| ZT/vO/90|  6VZITT|  eiepidsnd) wnsonxay wnubeyds| — vsan| zZ|
‘esounni6 snuly durems ‘BueBjiom| 1121501300
1S “ewsny Jaddn|
3.9v8E20°0T N.986LLT €S| uasy AUeWIaS| 09z | ZT0 | 200 | 200 | 0ZT | 220 | T00 | 100 | 8SE | 9T0 | 290 | ¥20 | OZVOBTZLEZ | 08S606ST | AURWISD| JU/EO/TT|  GSBIT|  EBIepidsn)| wnsonxay vas| 1/
‘a]U0q ‘Auoxes Jamo1| desiapaiN|
3.8TS8Y'ET N.20S9LLY| 8| 15010] (OB elisny| 1L | €20 | 200 | 200 | SZZ | L0 | T00 | 100 | OE% | 220 | 620 | ZE0 | 6IB0Z0EBT9 | SvGO60Cy | Z BSNY| ZL/vO/90|  OvZTTT|  eiepidsnd) wnsonxay zvzan| o]
esounnib snujy durems| ‘BueBJioM| 1121501000
1S “ewsny Jaddn|
3.8TS8VET No2099L'Ly| 8wl 15310] Yol elisny| g6 | 120 | €00 | v0O | T6€ | ¥20 | 100 | 200 | 29 | 610 | €50 | 990 | 1Sv'SCOLIEw | 8CLIS6C | ¢ BwIsnY| ZL/v0/90|  SpZITL|  eiepidsnd) winsonxayj van| 69|
esounnib snujy durems| ‘BueB)ioM| 1121501000
1 "ewsny saddn)|
3,TS9SY'TT N.8992 V9| 19d1e9 Ud} jeIpauLId| Anczn_ﬁmav Bejopuoil| AemioN| 6y | S0'0 | 2000 | 200 | S8T | 600 | TOO | TOO | TL'S | ¥0'0 | 220 | SL°0 | ETC6EESPY'E | vSS'SOE'WT | T AemuoN| LT/E0/0T|  2S6TTT|  eyepidsnd| unsonxay wnubeyds| v2aN| 89|
uaxprequueheq| -pioN|
Aq 10ureAbue Jo 3
3.65665 0T N.6TTBE €9 51| 1adied Uaj BeopuiL| AeMION| 89 | ¢T'0 | £00 | €00 | ¥2E | 6T0 | T00 | 200 | E£G | OTO | ¥9'0 | TL0 | 6ST2e64SL°€ | BIOTILSZ | ¢ AeMON| /1/60/80 9v6ILT|  eiepidsndl wnsonxey wnubeyds|  vzas| L9
19|
3.VP6TS 0T N.6EYIE € VLT[ Ud) SlepauiialuI-Iood elfWsaibiq jo| BelepuslL| AeMiON| 60v | 520 | 1000 | 100 | 18T | 620 | 000 | 000 | b9 | €20 | 0E0 | OV'0 | T6V'2090T68 | 2296656 | ¢ AeMiON| 8T/v0/90| 096TTT|  EIepidsn)| wnsonxay wnubeyds| — vvad| 99|
MN ‘pEISIaI9 J0 S 2| 10|
369665 0T N.6TI8E'€9|  v51| 10d1ed U3} BeopualL| AemiON| L€L | €10 | €00 | €00 | 192 | 020 | T00 | 100 | 19 | 210 | ¢L0 | 180 | O00L2L0Z6L'€ | VIB'SEE9Z | ¢ AeMON| [1/60/80 Sv6ILT|  eiepidsndl wnSoNXaly WNUbEYAS| vag| 59
19|
3.VP6IS0T N.6ESOE'E9]  vAT| Ud) d elfWsabiq jo| BelepuBIL| AeMION| 29v | TT0 | 1000 | 100 | 1€¢ | STO | 000 | T00 | 229 | 600 | 660 | €v'0 | ZISTOSO9EZ | 0BT'S60'0S | ¢ AeMiON| 8T/¥0/90|  6S6TTT|  BIepidsn)| wnsonxay vEad| vo|
MN ‘pEISiaI9 J0 S B -10|
T.WV6TS 0T No6EIIEE! 1T Uaj aleipallIaluL-iood eIkwsaibiq o Beapuail| AemioN| 085 | €10 | 100 | 200 | ZI¢ | 8T0 | 100 | 100 | 269 | TL0 | 150 | 850 | T2Z6ET808'S | 0996YT6E | ¢ AeMION| BU/O/0]  ZS6111  epidsnd) winsonXayj WNUbeYdS| $ad| €9
MN 'PEISIRID JO S 3N -10S|
3.9v8820°0T N.9E6LLT €S| uasy AUeWIaS| 28 | OT0 | 200 | €00 | 8TE | 9T0 | T00 | T00 | 006 | 800 | €40 | 640 | BVOZ600ES | ve6T69GE | AUBWISD| LT/EO/TT|  9S8TTL|  EIepidsn)| wnsonxay ¥2a9)
*3U0q ‘Auoxes Jamo1| desiapaiN|
3.65665 0T N.6TIBE €9 1| 1adied Uaj Geopuai| AemiON| zv8 | 200 | T0°'0 | T00 | I¥G | 60°0 | T00 | T0°0 | 90T | 900 | 050 | €50 | £88°2L8VSEOT | SLLZLEZL | ¢ KeMION| /T/60/80|  6v6ILT| esepidsndl sag|
10|
F, TGOSV TT Nof T Toured IR} (euuseq)| Dejopusll] AemuoN| 8ZTT | TT0 | 200 | 200 | 92v | ZIO | 100 | 100 |OZEL | 600 | Z50 | 290 ZEECIGCIOT | 909€2069 | T AGmoN| 71, 7| TSorLT|  EEpsnD| wnSonXay
TSHEqUUITEG| PION|
qToUeADUET J0 5
3.186/TET N.vS626'2%] 609 PaqINISIp ANUBI 93sIalleM Aq Joow|  Binazies|  ewmsny| ZLT | v20 | 000 | T00 | vZ | 920 | 000 | 000 | Ov'Zz | 120 | 8T0 | €20 | 098'90LT/2'9 | 99V'EBTEY | ¢ eusny| ZT/v0/90| OVZTTE|  ®jojindy| wnequIy ZTT2iN|
‘uibrew uay 100d|  1aBuam ‘nebuoel|
3.TS9GV TT N.¥899Z V9| 100189 U3} ] (euuafifeq)| BelopUAIL| AeMION| S8z | L0 | 1000 | 1000 | 62T | ZTO | T00 | T00 | 09°€ | TLO | 2v'0 | 80 | 29TZZV'9SL'E | LOTEOTSZ | T AeMioN| LT/E0/0T|  2v6Iit|  Bjojindy] wniequiy TIENN| 89
uaspequuofiieal  -pion|
Ad 18urenbuen Jo 3
3.L86LTET NoVS626'2%| 609 D3gqInSIp ANuBl 2asIalleMA Aq J00W[ BINazles|  ewsny| 688 | v20 | 200 | 200 | 1€ | 620 | 100 | 100 | 96€ | 220 | 220 | 820 | €0L9S07¥08 | 22z 6GE¥S | ¢ ewsny| T/v0/90| E€vLTTL|  Blojindy wniequiy TSI 9
‘uibrew uay 100d|  1aBuam ‘nebuyoel|
3.L86LTET NoVS626'2%| 609 PagqINSIp AUBl 33sIalleM Aq 00w BiNazles|  ewsny| ¢zZ | ¥T0 | 200 | €00 | vbZ | 610 | 100 | T00 | ¥i¥ | OTO | Tv0 | Gv0 | 2S¢¥ST98y'y | ES9ELTOE | ¢ emsny| ZT/v0/90| ZvZITE|  Ejojinay| wnenquiy TIPIN| 99
‘uibrew uay 100d|  1aBuam ‘nebuoel|
3.085.19'6 N.0L60T5 25| 00N J3}10pUaSSIg Uasyl AUewIaS| 8ES | 620 | 100 | 100 | 952 | €60 | 000 | T00 | LEG | 620 | G20 | 960 | 098/2Z'8B6'8 | 006VZLTO | AUBWIdD| ZT/ZO/TT|  pS8TLE|  Bjojindy] wnequiy TISHO| S5
“YIewapap| JesiapaiN|
*Auoxes 1amo|
3.286/TET NovS626'27| 605 pagInIsip KNGl 2asiallep Aq ioowl Bingzes|  eulsny| €15 | ¥10 | 100 | 100 | Z2¢ | 8T0 | 100 | T00 | 6v'S | ETO | V€O | OV0 | SSTOOBGEEL | LBEVGB'ES | ¢ BUISNy| ZU/y0/90| GELTIL|  Bjojindy| wyeiquiy wnubeyds|  TIN bS]
‘uibiew usy i0od|  1abuam ‘nebuyoel
3.085229'6 N.0L60TS TS| 00/ 13}10pUBSSIg| uasyl Auewas| 950'T | TT'0 | 20°0 | €0°0 | ¥9Z | ZT0 | T00 | T00 | 89 | OTO | v¥0 | 80 | €6C0VP'9E'S | 0092LTZy | AUBWISD| /T/ZO/TT| TSBTTT|  Eyojindy] wnreuquiy wnubeyds|  TTeH9| €|
“YIewapa| JesiapaiN|
*Auoxes 1amo'|
3.085.19'6 N.0Z601S 25| 100 J2}10puaSSig| uasy[ AUBWLISS| TOET | S0°0 | 200 | 200 | TvE | 600 | T00 | T00 | 02Z | ¥OO | LEO | 860 | ITTZIV6900T | GLEOETWL | AURWISSD| JT/ZO/TT|  O0S8IT|  BJojindy| wnieiquiy o[ 29|
“yIewapap| oesiepaiN|
‘Auoxes 1amo"|
3.T99GV TT N.v899Z V9| 100189 U3} (euuafifeq)| GelepuAIL|  ABMION| ZEO'T | ¢T'0 | 1000 | 1000 | 8ES | ¥T'O | 000 | 000 | T6 | OTO | €20 | G20 | 26TOLBTEBTZ | 629°688'69T | T ABMION| LT/E0/0T|  €V6ILE|  Bjojindy] wnequiy BN RE
uaspequuofiea  -pion|
Aq1aurenbue jo 3|
319957 TT N.v899Z 79| 700189 U3 (euuafifeq)| BelapUBIL|  ABMION| SEO'T | 90°0 | 100 | 1000 | LSv | 600 | T00 | T00 | 08%6 | S00 | 080 | 260 | €86Z0GZvTOT | 0B9ZZ02T | T ABMION| LT/E0/0T|  OV6ILE|  Bjojindy] wnequiy TOIN| 08|
uapequuofieal  -pion|
Aq10urenbue Jo 3
.T5957 TT N.78992 79 To07eD Uo] TBUUBNEQ)| DEIPPUBIL| AemON| 622°T | 9T0 | 200 | 200 | 96 | €20 | 100 | 700 |8Z0OT | ST0 | 150 | 090 | 8220962896 | $89BZ6'SI | T ABMUON| ZI/E0/0F Tvolll| Ejfoamdy| STIIN| 67|
TEPEUUBITEQ| PION|
ATTRUTEABTET 0 3|
3.VLT8LET N.EGEBO'LY| 2697 uibreu upunoLns| bingzies|  eMisny| €09 | LTO | 200 | €00 | 2vZ | 120 | 100 | 100 | LZZ | STO | VEO | 660 | Z€8Z090E9E | TI9/SLZ | T eusny| JU/TE/S0| STZITT| wnubeyds) wnuinp TV 8Y|
11w 18 Syowny puE S00Waas|
ur oBnw snuid Buouwry| *BIaquazZIEMUDS
‘nebuny “nsiq|
35957 TT N.v899Z 79| Ho0WILINY Bog Mo (euuafifeq)| BelapUBIL| ABMION| 067 | 20 | 1000 | 100 | GvT | 260 | 000 | 000 | ZE€ | 920 | 8T0 | G20 | OOTTOEGLOB | SOV'6/5'SS | T ABMUION| LT/E0/0T|  2e61Ly] wnuinp TSVN| 27
uaprequuahieq| -pioN|
Ad 10urenbue Jo 3
3.90009°0T NoLTT8E€9[  €51] uibrew 3 10ureAppafo| BelepualL|  ABMION| §.5 | 8T'0 | €00 | €00 | 82z | 20 | 1000 | 200 | Sv'€ | LTO | 050 | 090 | 9/5'S6L'000°€ | 9vS'650°0Z | ¢ AeMION| /T/60/80| 2g6TTr| wnubeyds| wnuinp wnubeyds| Tve| ol
10|

50



3.05T25 0T N.OTZ98'€9] 64T Us} 100d eIAwsaibiq o] Beapuail] AemioN| 695 | €60 | 100 | 100 | ZGT | 960 | 000 | 000 | ZL'V | 620 | 020 | 820 | GLL6EEZSEPT | L2IOLT'SOT | ¢ AemioN| 8UO/90]  ¥6611T  BIepidsnd 1B1aGPU WnUBRYAS| — OTeO] OT]
MN 'pEISIBID JO S 3N -10S|
3.05T25 0T N.OTZ98'€9| 64T Ua} 100d eIAWSaIbiq o Beapuail]  AemioN| 9.5 | ¥TO | 100 | 200 | LI | 610 | 100 | 100 | 98% | 210 | LEO | EV0 | 660825269 | BI9GOT6E | ¢ AeMION| BU/¥O/0] 266111  eIEpidsnd) 1Gaqpul Wnubeyds| — 0Tyed] €0T
MN 'peISIaI9 JO S 3N -10S|
3.05T2S0T N.OTL9E'E9]  SLT, U8} 100d eIAwSaIbiq 0| Beapuail]  AemioN| vy | 9TO | 100 | 100 | 66T | 120 | 000 | 000 | 19 | LT0 | ¥20 | 620 | EVOTLVOLZTL | T2E¥608L | ¢ AeMON| 8U/O0/90]  G6611T  Biepidsnd) 1BIaGPU WnUBRYS| — 0T2co| 20T]
MN 'PEISIRID JO S 3N -185|
3.0TSBB'ET N.S6L0T LV G98T Bingzies| ewlisny| 616 | 8T0 | 100 | T00 | SvZ | 920 | 000 | 000 | O | 8T0 | €20 | 820 | 9/E6E9SOV'TT | OVZTLOT8 | T ewlsny| [1/10/90 2ZZTiT|  erepidsnd| 1Gaqpul Wnubeyds| — 0TSC) 10T
‘Biag
PUE BJRNSO) Xa1eD)| ‘neBun “nsiq|
‘wnteuiBen wnioydou3
yum 1d.e0 U} 100
3,595 TT Nov8992 79| 190189 Ua) YeIpawIdN| (euushieq)| bejapugil] AemioN| Syz | 200 | €00 | €00 | 682 | OT'0 | T0'0 | TOO | 66 | S00 | 00 | ¥20 | 6S6'T08'660v | OTZ'WEL'BZ | T AeMiON| LT/E0/OT[ 886TTT| EIEpidsnO)| nB1agpuy wnubeyds| OTCN| 00T|
uopiequuoliied|  -pioN|
A 1ourenbue jo 3
3.79699'0T N.EOETE €' ae| 1d1ed Ua) e Gejopuoil| AemioN| zv6 | 110 | 200 | 200 | 082 | 8L | 100 | 100 | 0L | 600 | 190 | 950 | ¥8Y'€09'G229 | B6OVBTEV | ¢ AeMION| /1/60/80] €86111 eiepidsnD| 1b1aqpulf wnubeyds| — 0TZev| 66
1O N 211w ‘ualsyeIq| -105|
3.09°0T N.08'TS USY001g ZI1eH| uasy[ AUBWLISS| 6VT'T | STO | 1000 | 200 | T6€ | BTO | T00 | T00 | SZZ | €10 | 060 | GE0 | ZeV'6SV'BYTZT | 6/8'90L°Z8 | AURWISD| JT/Q0/TT|  S98TTL|  EIepidsn)| 1BIaqpuI otr9| 84|
dN ‘Auoxes 1amo7| oesiapaiN]
3.79699°0T N.E0ETE€9|  pSe| 1odied Ua) e GejopuoiL| AemioN| 286 | 600 | 200 | 200 | 8€€ | SO | 100 | 100 | €6Z | 80O | Lv0 | 150 | SE8'89E0ZT'8 | CETOLV'LS | ¢ AeMON| /1/60/80] 986111 eiepidsnD| 1biaqpul wnubeyds| — 0TSCY| L6
1O N 211w ‘ualsyeIq| -105|
3.L96 N.16'ZS 100/ 13}10puaSSial uasy AUeWISS| vvZ | 2¢Z0 | 100 | 100 | 2S€ | 920 | T00 | 100 | L6Z | 020 | LEO | 9v'0 | pGG18G'800'6 | SPTT9BZO | AURWISD| JT/EO/TT|  998TTL|  EIepidsn)| 1BIaqpuI otras| 96|
“yIewapap| oesiepaiN|
*Auoxes Jamo']
3.0TS88°ET N.G6LOT'LY| 5987 . Bingzies|  emsny| 9Tz'T | 00 | 100 | 100 | 9¢€ | 210 | 000 | 100 | 8T8 | 900 | ¥E0 | 980 | £96'BI0EVZEL | LEC2LGS6 | T ewisny| [I/10/90] 69LTTT| erepidsnd| 1BIaqpuI otz0| 56|
‘Biog
PUe BlRAS0I XBIRD| ‘nebun “asiq|
‘wieuiBen wnioydou3
yum 12080 U3} 100
3.T9699'0T N.E0ETE €9 780180 UB) BejopusiLl  ABMION| 0Z9°T | LT0 | €00 | 00 | OZv | €20 | 100 | 100 | 2¥6 | ET0 | 190 | 040 | SBEWIZC90L | OLLZvyLy | ¢ AeMoN| /1/60/80] 28611t erepidsnd| 1B1aqpuI ot v
1O N a11W ‘udisyeIq| -105|
.T5057 1T N.y899Z 79 TouIes Uo) (BUUGNEq)| DelPPUAIL| AeMION| ZZO'T | 9T0 | 200 | 200 | €5 | 120 | 100 | 100 | 256 | 20 | 050 | 950 | PeBGEE00P8 | BBZ968GS | T ABMION| ZI/EO/0T| 6B0LLL| esepiasnD|  1ibiagpull 012N £6|
ToPEqUUENED| PN
\q TOUTEADUET JO 3|
315957 TT N.v899Z 79| oouiny bog| (Buuafifeq)| BelapuBIL| ABMION| 68E | 120 | 200 | 200 | OET | 520 | 100 | 100 | ZLE | 610 | vwO | ¥50 | cZr8OrGyie | 2952L0TC | T ABMION| LT/E0/0T|  0B6TLT|  BJojindy] wnasny €5ON| 26|
uapequuofieal  -pion|
Aq10urenbue Jo 3
326975 0T N.L6TET8'ZS| BlUmiUBIINg oY0g] _ UIaISIoH| AUBWISS| 96z | €20 | 1000 | 100 | vOT | 820 | 000 | 000 | 9¥'E | 220 | €20 | 0E0 | O19220S2S9 | OS0CLLEY | AUBWIdS| JT/ZO/TT|  098TTT|  Bjojindy| wnasny winubeyds| €09] 16
5
3.06698°ET N.TOLBT LY 6251 Bingzles|  ewlisny| 615 | 8T0 | 100 | T00 | 6T | 220 | 000 | 100 | 68% | STO | G20 | 080 | OTLE5S9ZL | 6v688YTS | T ewlsny| [T/0E/S0|  TSLTTL|  BIojindy| wnasny wnubeyds) €37 0§
‘SUrEIUNOW|
nenyy ‘nebun “nsiq|
326975 0T N.L6TET8'ZS| SUMUBINg oY0g] _ UISIoH| AUBWISS| Oy | ZT0 | 200 | 200 | TST | €20 | T00 | T00 | Se¥ | STO | 9¥0 | S50 | TZCOELV66'E | BS60889Z | AUBLISS| JT/ZO/TT|  T98TLT|  BYojindy| wnosny wnubeyds| — £209| 68|
3.97T09°0T N.BLTBE €9 60g BejopusiL| AemioN| zvT | 610 | 000 | 000 | 92T | ¥20 | 000 | 000 | Z¥'v | 220 | 6T0 | b20 | Y6LTIG9B90T | T09'€06'88 | ¢ AeMION|  /1/60/80]  VO6TIT|  IO/NdY| wnasn €8] 88|
U0 oowNy Mo 10|
3.62v8YET N.S6SOLLY| 25| 0oLy Ud) 100d] (OB  emsny| /89 | LTO | T00 | 200 | LeZ | €20 | 100 | 100 | 166G | STO | €60 | B0 | 88G'8SOSTTL | O0LZ0T8Y | ¢ eWisny| LI/b0/90| E9LTTT|  BIO/iNdY| wnasn; £20n| 48|
‘BueBjioM| 1121501900
15 “ewsny Jaddn|
3776990 N.GLCTEE9| | g BejopuslL| AemioN| 195 | T€0 | 100 | 100 | 92Z | 860 | 000 | 100 | 956 | ¥E0 | 520 | LE0 | LVT0Z6'6L00T | ¢Z8'8I669 | ¢ AeMION| /1/60/80[  TZ6TLT|  EloMndy| wnasny €20v| 98|
-eunjieD) auid|  jo N aiw ‘uaIseIq| -108|
i 6og a1ydonoIquo)
3628 ET N.G6S9LLY| 252 oowwny usy Jood| 335UBZIEMUDS| o] ewsny| 60L | ¥TO | T00 | T00 | €92 | T0 | 1000 | 1000 | 88 | €T0 | 160 | 950 | 009'9TETOL'S | €T7'€S6'29 | ¢ ewisny| LI/w0/90[ 99LTTT|  EloMmndy| wnosny wnubeyds|  £50N| 58|
‘Buebjjop| 1121501200
1 "ewsny Jaddn|
T 7 TT Nof TAZ Soowwny bog (euughieq)| [9puBi] eMION| 572 | 9T0 | 000 | T00 Z0T | 220 | 000 | 000 | 809 | GTO | #€0 | 680 006872 T9C8 006'TETSG | T ABAION]| ZT) T| I76TIT OfINIY| wnasny ZON| 78|
TOEqUUBNEG| PN
qTomeADUET J0 5
3.62v8VET N.G6GOL'LY| 25| 00Uy Us) 100d] [oR| emisny| 919 | 120 | T00 | 200 | 1S | 820 | 1000 | 100 | 029 | 610 | 880 | ZV0 | 2e6T009VTL | Ov0Z09Ly | C Bwisny| ZL/v0j90| ZOLTTT|  Elo/indy| wnsny €on| €8
‘BueBlioM| 1121501000
1S “eusny Jaddn)|
3.06£98°€T N.T9ZBT'LY| 6251, Bingzies|  emsny| S02'T | 160 | 100 | 200 | SvE | LEO | 000 | 1000 | 029 | 0S50 | €20 | €60 | Secpzc8vgel | 0S6'8L6'G8 | T ewisny| LL/OE/S0| SGLTLT|  Eloindy| wnosny €301 28
‘surejunop|
neiny ‘nebun “nsig|
3.52v88°€T No9OLOT'LY|  ¥28T] | U3} Buidos| maogmmmﬁ_mm Bingzles| emsny| €8T°T | 220 | 200 | 200 | €22 | 620 | 000 | 1000 | 669 | 10 | €60 | 2r'0 | 82T696'€vy'6 | 658°9vG'99 | T ewisny| /I/T0/90| 9GLTTT|  Elomndy| wnosny wnubeyds| €041 18|
100d Ut S¥; ‘Biog
‘nebun “asiq|
3.W699'0T N.SLZTEES| e ; BeopualL| AeMION| S68 | <10 | 200 | 200 | S8 | 6T0 | T00 | 100 | ¥OZ | 210 | 8v0 | S50 | 009090929 | 81899G8Y | ¢ AeMON| L1/60/80 OLGTTL|  Bio/indy| wnasny €v| 08
-eunjie) auid| o N @i ‘ualsHeI]| -10|
yim Bog 0|
3.T99V TT N.v899Z V9| oouiny bog| (euuafifeq)| GelepuAIL|  ABMION| ZvE | 820 | 000 | 1000 | BTT | SE0 | 000 | 000 | 982 | [20 | G20 | ¥e0 | E00BOTZLGET | OTOZE606 | T ABMION| LT/E0/0T|  8L6TLT|  Bjojindy] wnasny 2€0N| 6|
uaspequuofieal  -pion|
Aq1aurenbue jo 3|
3.06698°€T N.T9ZBT'LY| 6251, Bingzies|  emsny| 260 | 00 | 100 | 100 | €88 | 210 | 000 | 000 | 928 | 900 | 620 | T80 | 0ZL'6vZTZ6GT | BEL6OSLTL | T Buisny| LL/OE/S0|  ZSLTLT|  Eloindy| wnosny €207 8/
‘surejunop|
neiny ‘nebun “nsiq|
3.5288°€T No9OLOT'LY|  ¥28T] N U3} Buidos| m.eossmy;_um Bingzies| ewmsny| 806'T | ¥2'0 | 200 | €00 | 9Ty | 1€0 | 000 | 1000 | 9¥'8 | 220 | 820 | 980 | OTT6TL6VL'ET | ¢v600r'26 | T ewisny| /I/T0/90| O0OLTTT|  Elomndy| wnosny wnubeyds| 5041 LL|
Jo0d Ul ‘Bi1ag
‘nebun “nsiq|

1

5



3.TSZLEET No69T60'87] 15010 Aduems] [l2Zplep "erisny Jaddn o[ elsny| 895 | OTO | ¥00 | v0O | 6V | ZTO | 100 | 100 | 82€ | 600 | ¥9'0 | OL0 | E8L€L9'80ZC | 288 980GT | ¢ BWISNY| ZI/TOOT|  Z6LITT|  BiEpidsn)) winiredis 954n[ Z€T]
1191501900
3.TSZLEET N.69T60°8Y, 15010 Adwems| [l2Zplepn "ewsny Jaddn (ol elisny| S8L | ¥1O | ¥OO | ¥OO | 26T | 120 | 100 | 100 | 00% | 2T0 | 650 | 200 | TeLT0v'626C | LBEO0Z86L | ¢ Bwisny| ZI/TOOT|  GBLITL|  Biepidsnd) wnied 924n| TeT|
1101501900
3.vLET79 0T N.v8SL20'ES| Uasy AUBWIBS| GG | ET0 | 200 | 200 | 6LT | 120 | 100 | T00 | 0% | TLO | Gv0 | 050 | OOTEEreyiy | 9v90258c | AUBWISD| LT/EO/TT|  L9BTTL|  EJepidsnd| winiredis 99| 0€T|
‘Jiopuasei| JesIapaiN|
*Auoxes Jamo'|
F.ELYSY TT N.£S992 V9| 26| ajerpauliaul (euughyeq)| Bejopusil] AemioN| 99, [ TTO | ¥0O | ¥00 | ¥8Z | 9T0 | TOO | 200 | 2 | 600 | €90 | 69°0 | TESTLL'E26T | 2.5TLS'6T | T AeMiON|  [T/SZ/OT|  620ZTT|  Erepidsnd) wnuredy winubeyds| 95:IN| 62T|
‘uibrew %001q weans| uaxprequueljeq) -pioN|
Aa 10uienbue jo 3
321611 €T NELEBO'LY| G691 Ua} 100d SOUIpUNOLINS| ~ Bingzles|  ewisny| 0ST'T | ¥T0 | €00 | €00 | 82v | 6T0 | 100 | 100 | [8%G | 100 | ¢v0 | 870 | £98°206€009 | 66cT660v | T euwlsny| /1/e/S0|  vBLILT|  eiepidsnd) winiredy wnubeyds) R EZ
puE S00Waas|
*BIaquazIemios|
‘nebun “siql
3.ZL6LL°ET N.ELEBO'LY| G697 U8} 100d UIpUNOLINS| Bingzies|  euisny| TI9 | 800 | 100 | 100 | 922 | 210 | 100 | T00 | £6G | 900 | €v'0 | OV'0 | ScLeGr1959 | T0099V'Sk | T emsny| ZT/Te/S0| 88LITT|  Biepidsnd) wnied 954 L2T]
pue soowsss|
‘Blaquazemios|
‘nebun “asiq|
39062501 N.EZG9E'€9]  9LT] 180189 UBIy| eIAWSaIbiq jo| GelopuBIL| AeMiON| 888 | 60°0 | €00 | €00 | SLZ | ZTO | T00 | 100 | €89 | L0O | €40 | 640 | BVLIZBEETY | 09L'68Y'8Z | ¢ KeMiON| T/60/80 6102TT|  EIepidsn)| wnjredii 930] 92T|
aJRIPAULIBIUI \UMB| MOTT| MN 'PEISIBID JO S BlIN| -10|
3.ELVSV TT N.ES99Z V9| 1§ (euuafifeq)| BelepuslL| AeMION| SzZ | 800 | 200 | 200 | Oz | STO | T00 | T00 | 8TZ | 900 | 090 | ¥90 | 18S0TZZLES | 069G8S9E | T AeMION| LT/SZ/OT|  Sg0ett|  erepidsnd| wnied 9dN[ szT]
‘uiBrew y001q Weans| uaspequuofiea  -pion|
Aq1aurenbue jo 3|
3.ZL6LLET N.ELEBO'LY| 5697 U8} 100d UIpUNOLINS|— BInGzies|  Bisny| S/8 | S00 | 200 | 200 | 662 | OTO | T00 | T00 | €2Z | 0O | €50 | S50 | OTY60E %959 | 80066vOV | T euisny| ZT/Te/S0|  SBLITL|  eiepidsnd) wnied 9z veT|
pue S00Waas|
‘Bloquazemios
‘nebun “asiq|
3.96009°0T N.68626'€9] 021, JoureAppalS| BedpuBIL AeMION| ZTZ'T | 210 | 200 | 200 | €Ly | 8T0 | T00 | T00 | 1SL | OTO | 620 | 260 | 99E'€EL9969TT | ¥WS699°08 | ¢ ABMION| B8U/S0/90| 2E0ZTT|  eiepidsnd) wnired wnubeyds| — 9z4g| €21
-10|
39062501 N.EZG9E'€9] 9.7 180183 UBI| eIAWSaIbiq jo| BelepUBIL|  AeMION| 908 | 800 | 200 | 200 | ¥6Z | ELO | T00 | T00 | ¥28 | SO0 | 690 | €40 | SZecTl6¢S | 0992SSBE | ¢ AKeMioN| LT/60/80 020ZTT|  EIepidsn)| wnjredii 9240| 22t
BJRIPAULIBIUI \UMB| MOTT| MN 'PEISIBID JO S BIIN| -10|
3.ELVSV TT N.ES99Z V9| 1§ (euuafifeq)| GelepUAIL|  ABMION| ESZ'T | 800 | €00 | €00 | €S€ | STO | T00 | T00 | 906 | 900 | 190 | 90 | 2SGZE9'GZ6'9 | 28086V | T AeMION| LT/SZ/OT|  9202Tt|  erepidsnd| wniredi 924N| TZT|
‘uiBrew %001q weans| uaxprequuefieq -pioN|
Aq1aurenbue jo 3|
3.96009°0T N.68626°€9] 021, JoUADpaIO| BeIapuBILI ABMION| E9€Z | 9T0 | 200 | €00 | O00L | €20 | 100 | 1000 | 920T | 210 | ¥E0 | 880 | B9T'99L'ZIE'ST | S6T99L°90T | ¢ AeMION| 81/S0/90] Te0Z1t| erepidsnd| wniedi 938 027
19|
3.90€25'0T NoEZSIE €Y oLT] 19d.e0 ybIy| eiAwsaibig jo| Bejepueil|  Aemion| 29s | 210 | T0°0 | TO'0 | 06Z | 020 | TOO | TO'0 |€20T | 60°0 | 99'0 | €20 | $89'0L€'G20°L | 29v'TIE'LY | T AemuioN| LT/60/80|  €20ZTT| Erepidsnd| wniredys wnubeyds| 9540 6TT|
BRIPAWLIBIUI \UME| MOT| MN ‘PEISIRIS JO S BII| -105|
3.26096'2T N.OLVS0'8Y|  82v| 19d1e) 100U JaUq]| e[ emsny| €v€ | 8T0 | 200 | €00 | 6vT | 220 | 100 | T00 | 29T | 9T0 | 980 | €v0 | BOVZIL966T | EILEBZEL | ¢ eS| T/E0/90]  BLLTTT Se3n| 8T
U} You-areIpawWIAu| “B12qs|ab63 ‘00w 1131501300
Jawq| “ewsny saddn|
3.22£09'0T N.996/8'€9) TodIe0 Ua) Uor TouRADDaIO| BelepuaiL]  AemioN| 8€§ | LEO | 100 | 100 | 86T | ev0 | 000 | 100 | 987 | OVO0 | ETO | 220 | €6V'0TZ'S660T | 00L'SZV'98 | ¢ AeMION| L1/60/80]  Z0OZTT] Se3d| 11|
-10|
3.VV699°0T N.T62TE €9 12183 Ud) e GejopuoiL| AemioN| 182 | SE0 | 100 | T00 | 9ET | 660 | 000 | 100 | 88 | 2V0 | 520 | vW0 | LOGG09'9E0S | OTV'ZBS9E | ¢ AeMION| /1/60/80]  Z0OZTT] S3v| 9Tt
10 N 21w ‘ualsyeIq| -10|
3.25V98'ET N.ELLBT LV une] Ua) Gor JOOWWESUW| Dingzies|  euisny| 05¢'T | 120 | €00 | ¥00 | 682 | 820 | 100 | 100 | 19°€ | ZT0 | 220 | 260 | BIS66TZI09 | TVEE9L OV | T BSNY| JT/0E/S0|  SLLTTT EELEE
‘surejunop|
neinp ‘nebun “asiq|
3.vP699'0T N.T621€ €9 Tod1E3 3] Geopupi| AemioN| 095 | YVEO | 1000 | T00 | S92 | BeO | T00 | T00 | STV | LEO | €20 | LEO | €9L€B0SSOL | 9e8'BYS8S | ¢ AeMON| /1/60/80 BOOZTY Seav| viT|
10 N alIW ‘uaIseIq| -105|
3.16096°2T N.OLVS0'8Y| 82| TodIed) 100w Jouiq] o[ elIsny| 50T | GTO | ¥00 | GO0 | L6E | 020 | 200 | 200 | 26 | 2T | 950 | €90 | 966962606 | C6ETETOZ | Z ewisny| [1/0/90]  6LLTLT| SvaN[ €17
uay you-ajeipaunalul|  ‘B1ags|abb3 ‘oow| 1a1S01aq0)|
Jawiqg) “ewsny Jaddn)|
3.77699'0T N.T62TE €9 To41E5 3] ¢ BejapualLl AemIoN| ZZE'T | 610 | €00 | €00 | LS | 220 | 100 | 100 | 9LG | ZT0 | S80 | 2r0 | €cL'969%60SL | BOGTOZTS | ¢ AeMION|  /1/60/80]  TLOZIT| Sa3v| 21|
40 N 31w ‘uasyeiq| -19S|
3.26096'2T N.OLVS0'8Y| 82| 10d1e) 100U JaLq| oia[ elisny| 8T9T | 280 | €00 | 00 | G29 | 980 | 100 | 200 | 29 | 160 | 2v0 | 090 | SIBSY8TezL | vecesS6y | ¢ ewsny| ZT/£0/90[  LZLTIT| Sean| 1]
uaj you-areipauaul|  ‘B1ags|abb3 “ioow| 1a1S01a00)|
Jowq) “ewsny saddn|
3.607SY'TT NoTT992 V9| 26| 1elqey 3X)-Ua) (euushieq)| BejapuslL] AemioN| vz€ | €10 | T0°0 | T00 | 2Tz | £T0 | T00 | T00 [ 85 | TT0 | 850 | 590 | 00T'9L'¥S8'S | 2€2'S96'0v | T AemioN| /T/SZ/OT|  €TOZTT] SaN| orr]
‘weans Jo auoz Jeoj| uaxprequueieq) -pioN|
A 1ourenbue jo 3
3.60VGVTT N.TT99Z 79 16| Tedey oxi-Ua)| (euuafifeq)| BelepUBIL|  ABMION| 09¥'T | 2T'0 | 200 | €00 | SSG | 6T0 | T00 | T00 | Lv'8 | 600 | €0 | 8v'0 | 089TL66SG8 | O0SEL6ZS | T AeMION| LT/Sz/OT|  LT02TY 553N 60T]
‘weans 4o auoz Jeoy4| uaspfequuahjeq| -pioN]|
Aq1aurenbue jo 3|
3.2209°0T N.9962E'€9] 957 180189 U3 U1 JourADpalD| BelepuslLl  ABMION| GL2'Z | 160 | 200 | €00 | 9ev | 60 | 1000 | 100 | 258 | 820 | €60 | SPO | B6LGIGTIBET | ECTEV6 00T | ¢ AGMION| /1/60/80]  TOOZIT|
15|
6075V TT N-11992 79 T6| IR (BUUBNEq)| DeIOPUBIL| AemON| TZTT | 2E0 | 200 | 200 | €0¢ | 020 | 1000 | 100 |T€0F | 10 | 850 | £60 | BZZ€Z6900T | 008689 | T ABMION| ZI/5Z/0T|  vI0ZLY
WEaS JO SU0Z 1e0] TayprEquUUBNeq)| “pioN|
\q ToUTEADUET JO 3|
3,595 TT Nov8992 79| 190189 Ud) YeIpaLLIA| (euushieq)| bejapugil| AemioN| gyy | ZT'0 | €00 | €00 | 26T | LT'0 | T0'0 | TOO | 60 | OT'O | ¥SO | 090 | ¥6S'250°205Z | £€50°06L°9T | T AemioN| LT/€0/0T[  Z66TTT| Erepidsn| nBiagpuy wnubeyds| — 0TSCN| 90T|
uopfequuoliied)  -pioN|
A 1ourenbue jo 3
3.0TS88°ET N.S6L0T'Zb|  598T Bingzies|  emsny| 9€9 | TT0 | €00 | 00 | 612 | 9T0 | 100 | 200 | 98€ | 600 | SGO | 090 | 2/E6EC869C | 98TE0ZBT | T ewisny| [1/10/90]  89LTTT|  erepidsnd| 1B13GPUI] WNUBRYGS| [ERE
‘Biog
PUE BIRASO) XaIeD)| ‘nefun “asiq|
‘wineuiBen wioydou3
Yy 1d.e0 U} 100

52



3.T9699'0T N.EOETE €9 GE|  ume| uay g Bejopugi)[  Aemion] €0€ [ 880 [ 000 [ 000 | 82T [ 2v'0 | 000 | 000 | 199 | 2#'0 [ 020 [ vE'0 | 0€6'ZZE08S'ST | 90L'9LE'TIT | ¢ AeMION[  ZT/60/80]  090ZTT] BIO/ANdY| suayuqns wnubeyds| 8HY| T9T|
1O N 1w ‘UaISHeIq 193]
3.E7VLEET NoTSE60'8Y] Buuds a1edlis| 19ZpIEM "eriisny Jaddn o] emsny| 9€9 | 8T0 | T00 | T00 | iz | 020 | 000 | 100 | v2'9 | 8T0 | 980 | ¥7'0 | cv0TeS2e9'8 | 6S6LvL79 | ¢ ewisny| LI/TOOT| 9¢8TTT|  Eomndy| suayuqns wnubeyds| — 8SHN| 09T]
1181501840
3.88665 0T N.9TT8E €9 €5T[ 19d1e3 Uay 10UIBAPPaIS| BelapUBIL]  AemiON| TOE'T | 610 | €00 | ¥0O | TO¥ | G20 | 100 | T00 | 089 | 9T0 | 950 | Z90 £26'€69'595'S 9TT'2LE',€ | ¢ RemioN|  /T/60/80|  ¥SOZTT| BIO/ANdY| suayugns 8H8| 6ST|
-S|
3.E7VLEET NoTSE60'8Y] Buuds a1edlis| 19ZPIEM "eriisny Jaddn Yo emsny| 828 | 210 | 200 | 200 | 8€Z | 610 | 1000 | 1000 | ¢80 | OTO | €v'0 | 870 | 986'0LE'8TTL | 2622966y | ¢ ewisny| LI/TO/OT| €¢8TTT|  EloMndy| suayuqns wnubeyds| — 8zHN| 85T
1181501300
3.268L9°€T NovZ€80'LY| 9907, 1ed|Binazies| emsny| €Tv'T | S00 | ¥0'0 | ¥0'0 | 298 | OTO | 100 | 100 | S¢Z | v0O | 090 | 290 | G89°0L6'088'G | cIv9zzev | T ewsny| LI/1e/G0| ¢I8TLY|  ejojindy suayuqns 82HT| 15T
walsea uayasebien|
15 M soownes ‘Aajfen|
W ‘nebun “nsiq|
3.06E0€6'0T N.68EIVS €S| OO JaunuaIEZ| i AUBWIBS| 992 | ZT'0 | 100 | 100 | 292 | ¥20 | 000 | 100 | I8Z | vTO | LEO | ¥W0 | OOVZVG6IT6 | VIL'IZy'19 | AUBWISD| ZT/SO/TT|  LZ8TLE|  Bjojindy] SuByuqns 8HO) 96T
‘aas|eRlds
unuaLIEZ ‘elueIaWO| -B1|
3.T9699'0T N.EOETE E9| VSE|  ume| uay ® Bejopugi)[ Aemion| 008 | 9T'0 | T00 | T0'0 | 162 | €20 | 000 | T00 | €58 | 9T'0 | LEO | Sv'0 | 2ST'WEL'E09'0T | P6T'6LY'SL | C AeMiON| /T/60/80|  T90ZTT| BIO/ANdY| suayuqns wnubeyds| 8CHY| SST|
1O N 21w ‘UaISHeIq 193]
3.88665 0T N.OTI8E €9|  £51| 19died ug) BejopugiL|  AemioN| zZT'T | OT0 | 200 | 200 | 8Ty | 510 | 1000 | 1000 | 870T | 800 | 090 | 990 | L6LVEL'9Z8'L | ¢B0'E6T'BS | ¢ AeMION| /T/60/80| SSOZTT|  EloMmndy| suayuqns wnubeyds| — gzHa| vST]
-1s|
3.268L9°€T NoVLEBO'LY|  990T| wed| Binqzjes| ewisny|8/6'T | €10 | 200 | 200 | 98 | STO | T00 | TO0 |6v2T | OTO | 2€0 | 960 | 962'26T°00¥'8T | LE6'SPE'OFT | T euisny| LT/TE/SO) TIBTIT| BIO/ANdY| suayuqns wnubeyds| 8H| €5T|
walsea ‘uayasebien|
15 M soownes ‘Aajjen|
W ‘nedun “nsial
3176V TT N.Ge9oz v9| 201 umerue] (BUUGEq)| DeloPUAIL| AeMION| 908T | ET0 | £00 | £00 | &b | 120 | 100 | 100 | 262 | T00 | 650 | 990 | 9950197266 | B6599EZ9 | T ABAUON| ZI/GZ/0T| [00Z1L| Ejjojndy|  stougns 82ZHN| 27|
USHEQUUBNE]|  PION|
3.6608T €T Novv626'2y|  L05| UMe| U3) aosid §>>MSQE Bingzies|  emsny| vS9 | ¥T0 | €00 | €00 | Tec | 8T | 100 | 100 | 2Z€ | ET0 | 970 | €50 | 9669EEOVZE | €2C6e8¢C | ¢ ewisny| [L/v0/90| COBTIL|  Bjojndy|  wnsouend: 1v9N| 15|
1aBuap ‘nebuyoel|
3092962 0T N.Z88TV6'ZS| IBISUnWy Uasy AUBWIBS| 605 | 9T | 200 | 200 | SOZ | 120 | T00 | T00 | ¥9€ | ¥TO | 2v0 | 6V0 | OEGOTGCI8E | S6G5c29¢ | AUBWISD| ZT/SO/TE|  ¢Z8TLT|  Blojindy 99| 05T|
*Auoxes Jamol| oesiapa|
3.T9957 TT N.v899Z 79| 75910} UoIIq AQWEmS (euuafifeq)| BelepuBIL| ABMION| Tvy | 210 | 200 | 200 | 8T | 8TO | 100 | 100 | ZO% | OTO | 0G0 | S50 | 6ILLO6TSOE | 26LT62PZ | T ABMION| LT/E0/0T| 2S02TT|  Byojindy] LGON| 6vT|
uapequuofieal  -pion|
Aq10urenbue Jo 3
J.CE0BTETNGYEZELY|  L0S| U Uoj slepalaiull  2ssid m>>>msos Bingzles| emsny| zz8 | 120 | €00 | 00 | T.€ | 920 | 200 | 200 | Ov7 | LTO | 250 | €90 | S69'0E0°TOL'E | 98TTO9WZ | ¢ ewisny| [I/v0/90| €08TTT|  eyomnoy|  wnsouenbs wnubeyds| 59N 8vT|
Jabuapm ‘nebuyoel|
3.6608L°€T N,T1980'27|  81LT] peol Aq| sBujpunouns|~ Binazies|  ewsny| T6€'T | 220 | 200 | €00 | 867 | 820 | T00 | TO0 | Sr¥ | 610 | v20 | OE0 | 92€'SS0°0ST8 | LE00OTLWS | T ewsny| LT/Te/50| 96LTTT|  efojindy|  wnsouenbs wnubeyds| 1597 LvT|
ug) paauanjul Buuds| PUE SO0WIIS|
*B10qUAZIEMLDS|
‘nebun “asiq|
3.0929€Z 0T N.288TV6 25| Tersuniy uasyl AUeWIaS| VES | 8T'0 | 200 | 200 | 8vZ | €20 | T00 | T00 | Lvb | 91O | 9v'0 | S50 | BSTBYTZSCY | 086909'8Z | AUBWISD| ZU/EO/T|  €48TTT  Bjojindy] 1299 97T,
*Auoxes 1omo7| oesiapaiN|
3.6608L°€T N.TI980'ZY|  BILT] DEOI Aq| UIpUNOLINS|— Bingz[es|  BUISNY| GZT'T | 9T0 | €00 | ¥OO | 2bv | 020 | 100 | 200 | 16 | ¥TO | €v0 | 150 | TL6GETZ6LS | 6699ETOE | T ewisny| JU/Te/S0| G6LITT|  ®jojindy| 1297 &vT|
uay paouanyul buuds| pUE S00Waas|
*BIaquazIEMUDS
‘nebun “nsiq|
3.8TS8Y'ET N.2099L Lb| 8| 15810] 93SUBZIEMUDS| ol elisny| 6v8 | STO | €00 | €00 | 99€ | 120 | T00 | 100 | ¥6 | ET0 | Sv'0 | 250 | LbOWOB'OVL'Y | vScSZEcE | ¢ Bwisny| ZT/v0j90| 90BTTT|  ejojindy|  wnsouenbs wnubeyds|  ZZOWN| vbT
'esounn| snuly dwems *BueBjjom| 1131501300
15 “ewsny Jaddn|
3.8TS8Y'ET N.20S9L LY| 8| 15810] RZIBMIS| o] elIsny| 69L | 610 | 200 | €00 | SVE | S20 | 1000 | 100 | 26 | ZTO | Gv'0 | ¥S0 | €6v'689V06'7 | OvO'6S6CE | ¢ ewisny| LI/b0/90| SOBTIT|  Blo/indy| ZOWN| €vT
esounni6 snujy durems| ‘BueBjioM| 1121501900
1S ‘euisny Jaddn)|
3.26899°0T N.TECTE€9]  L9g| 15910] BejopuaiL|  AemioN| z09 | 800 | 200 | €00 | 09Z | €10 | 100 | 100 | S0G | 200 | 990 | TL0 | 098'826'8SG€ | 262GLCSZ | € AeMION| /1/60/80] EVOZIT|  Elo/ndy| 129V 2vT|
sonuds ‘uay Buidojs| o N e ‘uaISeIq)| -105|
paouanyur buuds|
3.6608T €T Novv626'Zy|  L05| UMe| U3) SSIRIEM Aq 100 Bingzies|  emsnv| SeL | 610 | 200 | 200 | LOE | €20 | 100 | 100 | Z¥'S | ZT0 | 680 | LVO | VYB'EVS68Z9 | BIOLvZEv | ¢ BWisny| [L/b0/90| G66LITL|  Bjojndy|  wnsouend: 19n[T7T]
Jabuapm ‘nedyoel|
3.6608L°€T N.T1980'27|  81LT] peol Aq| sBuipunouns|  Binazies|  ewsny| 9T | 60°0 | €00 | €00 | 8€S | STO | T00 | TO0 | 8¥'S | 800 | 950 | 660 | 6OEWIFLTTL | 8956/.°6v | T ewsny| LT/Te/S0| v6LTTT|  efojindy]  wnsouenbs wnubeyds| 197 ovT|
uay paouanyul buuds| pUE S00Waas|
‘Bloquaziemios|
‘nebun “asiq|
3.866250T N.OLVOE'E9]  GLT 15810] ©elAWsa1biq jo| BelopuBIL| ABMION| T€S | STO | 100 | 200 | ¥9¢ | 220 | T00 | T00 | 89 | STO | 8Y°0 | G0 | GLUZLSZ9E'S | 968'GG6'SE | ¢ AeMION| LT/60/80| LEOZTT|  BJojindy 1292 6eT]
suid Adwems 0nids| MN ‘PeISIZID J0 S BN 10|
3.866250T N.OLVOE'E9]  GLT 15010] eIAWSaIBIq Jo| BelepUBIL|  ABMION| ZTT'T | 2T'0 | 200 | €00 | 89€ | 6T0 | T00 | T00 | 9L | TLO | 0G0 | 950 | T6T0Z8'G20L | 9vL'Sez8y | ¢ AeMiON| T/60/80] 9€02Tt|  Bjojindy] 199 8eT]
auid Adwems sonids| MmN ‘PEISIZID JO S I -105|
359GV TT N.¥899Z V9| 15810} UoIIq AdUIeMS| (euuafifeq)| GelopUGIL|  ABMION| SST'T | SO0 | 200 | 200 | Z6€ | 80O | T00 | T00 | 258 | ¥OO | LSO | 650 | OE6'Gv82Z6L | E809TEBS | T AeMION| LT/E0/0T|  8vOZTT|  BJojindy] I9N[ €T
uaspequuofiiea  -pion|
Aq1aurenbuen jo 3|
3.26899°0T N.TECTE€9]  L9g| 15310] g BejopuslL| AemioN| veL | TT0 | 100 | 200 | 892 | LT0 | 100 | 100 | TL8 | 600 | ¥50 | 090 | OVPIB6LVSL | VZ8E602S | ¢ AeMION| [1/60/80] OVOZTT|  Bojandy|  wnsoienb: 159V %€T|
sonuds ‘uay Buidojs| o N e ‘uaISeIq)| -108|
paouanyur buuds|
3.86€25'0T NoOLV9E €9 SLT| 152104 elfwsaibiq jo| Bejapusll] KemioN| 996 | 200 | T00 | T00 | €0E | ¥T0 | 000 | 000 | 268 | 900 | 960 | BEO | SSO'00S0987ZT | T6C€28¢C6 | ¢ AemiON| /1/60/80] OvOCTT] BIO/ANdY| L899 SET|
auid Adwems 30nds| MN ‘PEISISIO JO S BN -0
3.26899'0T NoTECTE'E9|  Lg| 15310] uasguusfuens| Bejapusll| AemioN| 9€Z'T | TT'0 | €00 | €00 | 287 | LTO | T00 | TO0 | 868 | 800 | 290 | €40 | EOTWIE'99T'9 | vBETew'Tv | ¢ AeMION| LT/60/80| 2vOeTi|  efoyindy]  wnsouenbs wnubeyds| L9v| veT|
sonids ‘uay Buidos|  Jo N AW “UaIseid 16|
pasuanyul Buuds|
375957 TT N.vB99Z 1° TS3I0] UOIIT AGUIERR (BUUGNEQ)| DePPUBIL| REMION| T6€2 P00 | 21z 170 | €IV Tv8Tv8 0L | 0ZZWbZPZ | T ACWION| ZI/EOJOL| GvOCTI| BIjojAmndy| 225N EE1|
USPEqUUBNEG|  PION|
AqTOUTEADIET IO 5|

53



3.285 2T N.66V'7Z| " Buidiel] uewel]  euluD[ 00E | 90 | 200 | €00 | 60LT| 80 | T00 | 100 | Gv'8 | 160 | ET0 | 610 | 6809SLESILE | CLOVEQZSE 61020 ¥9ESOT] winaa1as Wnibiaqrerd|
N Aunod ueiA|
3.0v50€9°0T N.OT628L 2| 100N uasy/ AUeWIaS| 00z | 9T0 | 000 | 1000 | 9TT | 020 | 000 | 000 | V€ | STO | €20 | L0 | €IVIGCOEV'S | TYLESLEY | AURWISD| JT/ZO/TT|  SBBITL|  EIepidsn)| wnjjaual 2T719] 06T
“yoialuapog| JesiapaIN|
peg ‘Auoxes Jamo |
3.266LT°€T No20626'2%| 60| ume|[sasiallep Aq oow|  Binazies|  ewsny| T9€ | €T0 | 100 | 100 | €8T | 6T0 | 000 | 000 | grv | v10 | 020 | €20 | 209'686'6STOT | 2/Z4202L | ¢ ewsny| /T/v0/90| OE8TIT|  Erepidsnd| wnyjaua) wnubeyds| — 21e7N| 68|
0} as0p syoowwny|  abuap ‘Mebuyoel|
Moy ‘2w o1ydonoiquio)
3.80V8V'ET Noz299L' Ly 25 1105 Ajead| 32SUDZIEMIIS| e[ elsny| €5y | 820 | T00 | 100 | 68T | T€0 | 000 | 100 | S5 | 820 | 080 | 2v0 | 96286EL0L'9 | S99°8T0LY | ¢ eWlsny| 1/v0/90| pestii| elepidsnd] wnjjau) wnubeyds| — ZTINN| 88T]
passelb ‘ume| us} Jood ‘Buebjjom| 1121501340
1S ‘euisny Jaddn)
31595V TT N.¥899Z V9| ume| Bog (euuafifeq)| BelepUBIL|  AeMioN| 6zv | 9T0 | 1000 | 1000 | 8T | 6T0 | 000 | T00 | LSV | ¥TO | 0E0 | SE0 | €9v'2Lc'SEL'9 | TETOLL'9V | T AemioN| LT/E0/0T| v60ZTT|  eIepidsn)) wnjjaua) Wnubeyds| Z gTSIN| Z8T]
uapequuofieal  -pion|
Adraurenbue jo 3
3.T0699'0T N.E62TE €9 U] Uaj ind| BejopusiL|  AemioN| ZT€ | 8v'0 | 000 | 100 | ¥ZT | 050 | 0000 | 000 | 59 | 190 | ET0 | L0 | 96E'ESE'BBSPT | £866/9°66 | ¢ AGMION| /1/60/80] ¥80ZTT| erepidsnd| wnjjaua] 21| 98]
1O N a11W ‘udisxeIq| -105|
3.266/TET N.20626'2%] 609 U] oasIalepA Aq Joowf  Bingzies|  ewsny| 0SL | 9T0 | 100 | 200 | 152 | £20 | 100 | 100 | 99% | STO | G20 | 620 | B6L'SZOELLL | 1199662 | ¢ ewsny| LT/v0/90 Te8TIT|  EIepidsn)| wnjjaua] 2T7IN| 58|
01 asop syoowwny  abuap ‘Nebuoe|
Moj ‘21w daiydonoIquio)|
3.07S0€9°0T N.0T628L 25| 100N Uasy AUBWIaS| 29y | 9T0 | 200 | 200 | ¥Sc | 6T0 | T00 | T00 | Z9% | 91O | 80 | 950 | TIEL66E€ECY | vS60T66C | AUBWISD| LT/ZO/TT|  98BTTL|  EJepidsnd| wnjjaua! 215719 8T
‘Yoleuapog| oesispaIN|
peg ‘Auoxes jamo |
3.8Tv2S 0T N.SSGOE'€9]  £2T| 1eded 0| elfWsabiq jo| BelepuslL| AeMION| St | Tv'0 | 1000 | 100 | 20¢ | 9v0 | 000 | T00 | 89% | 850 | 610 | 960 | 9T06SBWOVOT | TOEBSZYL | ¢ AKeMioN| 1/60/80 8102TT|  eIepidsn)| wnjjaua) wnubeyds| — ZT0| €8]
MN ‘pEISIRI9 J0 S 2| 10|
3.80V8V'ET Noz299L Ly 25 1105 Ajead| 33SUDZIEMIIS| e[ emsny| 165 | 8T0 | T00 | 200 | 2e¢ | ¥20 | 100 | 100 | OZ% | ZT0 | ¥60 | w0 | BLOZEV'L8IS | £c808'BE | ¢ eWSNy| 1/0/90| OE8TIT|  elepidsnd| wjjaua) wnubeyds| ZTETNN| Z8T)
passelb ‘ume| us} Jood ‘Buebjjom| 1121501300
1S ‘euisny Jaddn|
3.TI009°0T N.LVTBEEY[ 95T 100789 U8} J00d ToureApPalS| DedpusILl AeMION| 969 | 20 | T00 | T00 | SOE | 90 | 000 | 100 | 88 | €60 | 9T0 | ¥20 | 89ZTOSOV6'VT | VPOT99LOT | ¢ ABMION| LT/60/80] bZOZTT| elepidsnd) wnjjaua) wnubeyds| — zeal 18]
-105|
3.1595V TT N.v899Z 79| e bog (BUUGNEq)| DePUBIL| AeMION| 8TF | 220 | 100 | 100 | OZT | 820 | 000 | 000 | Z1G | 620 | 220 | 620 | 1p9¢€Gr 1660F | GIGE0EZZ | T ABAMiON| ZI/EO/I| T602TT|  Elepiasn)| wnjRua ZTZ7N| 081
USHEQUUDNE]|  PION|
qTemeADUET 0 5|
3.T0699'0T N.£62T€ €9 U] U3 aind| e BejopualL|  AemioN| €28 | 0E0 | 000 | 100 | 292 | 560 | 0000 | 000 | G€G | G20 | ¥T'0 | 8T0 | OVO'GIEPSE'OZ | 692 68E 66T | ¢ AGMION| /1/60/80] 880211 erepidsnd| wnjjaua] 2157V 64T|
10 N a1IW ‘uaIseIq| -10|
38087 €T No2299L'Ly| 2l 1105 Kead| o[ elisny| 065 | 920 | T00 | T00 | ¥0Z | 080 | 000 | 000 | O¥'S | G20 | G20 | €60 | OECTOE98STL | 2vee9zes | ¢ Bwisny| ZL/v0/90|  BESIIL|  B1epidsnd wnjjaua) 2TSTNN 8LT]
passelb ‘ume| ua 100d ‘BueBJioM| 1121501000
1 "ewsny saddn)|
3.266LT°€T No20626'2%| 60| ume||asiallep Aq oow|  Binazies|  ewsny| 152 | ¥20 | 200 | €00 | 6T€ | 820 | T00 | T00 | 0SS | 220 | €¥0 | S0 | 80Z'€86'0SY'S | 22T Ocy'9E | ¢ ewsny| /T/v0/90  cesTir|  Erepidsnd| wjjaue) wnubeyds| — Z151n| 22T)
0} aso0p syowwny|  abuap ‘Mebuyoel|
Moy ‘2w o1ydonoiquio)
3,TT009°0T NoLVT8E'E9[  9ST| 190189 Ud} 1004 10ureAppafo| Bejapusil]  AemioN| w9 | 020 | T00 | T0'0 | L0€ [ 92°0 | 000 [ 000 | 159 | 020 | 810 | 220 | 6v2'929'SLG'ST | T6S'LEI'TIT | ¢ AemioN| LT/60/80]  9L02TT|  EIepidsn)| wnyaua) wnubeyds|  zz1§18| 9LT]
19|
3.TI009°0T N.LVTBEEY[ 95T 150789 U3} J00d ToureApPalS| Defapusll]  AemION| OTv | ZT0 | T00 | T00 | vez | 910 | T00 | T00 | 80 | €10 | ¥50 | 290 | OVV'9SE'6IL'S | 2v90z90v | ¢ ABMION| LT/60/80] 2LOZTT| eiepidsn)) wnjjaua) wnubeyds| 118l SLT]
-10S|
3.8TP2S 0T N.GGS9E'€9]  22T| todied ol ©IAWS3IBIq 0| BefapualL] AemioN| 0ZZ | ZT'O | 100 | 100 | 29€ | 220 | 000 | 000 | S6'8 | 610 | 20 | ¥€0 | ZE90B6'BLOOT | V2GS Tve'ect | ¢ AeMION| ZU/60/80] 620211  eiepidsnd) wjjaua) wnubeyds| — Z1e10| vLT)
MN 'pEISIBID JO S 3N -10S|
31596V TT N.¥899Z 9| e Bog (euuafifeq)| BelapUBIL|  ABMION| Z2E€'T | ET0 | 1000 | 100 | ¥2S | 8TO | 000 | 000 |OTOT | 210 | ¥20 | L0 | O0'SSLEE0SZ | OT8'G99'98T | T AeMION|  LT/E0/OT|  €602TT|  Iepidsn)| wnjjaua) wnubeyds| 2Ty IN| ELT]
uapequuofiieal  -pion|
Aqraurenbue jo 3
3.T0699'0T N.£62T€ €9 Une] U3j aind| BejopusiL|  AemioN| €v8 | 9T0 | 100 | 100 | 98v | 120 | 100 | 100 | 9€0T | ZT0 | ¥&0 | Tv0 | L9G62h'2vOPT | 0BV'ESLWOT | ¢ AeMON| /1/60/80] 980211 erepidsnd| wnjjaual 218V 22|
10 N 811w ‘uaIsKeIq| -10|
3.8TV2S 0T N.GSGO8'€9]  LZT| 1eded 0| eIAWSaIBIq J0| BeIepUBIL|  ABMION| 022'T | ¥T'0 | 000 | T0°0 | 26G | 8T'0 | 000 | 000 |9EWT | ZT'0 | €20 | 920 | 6GL'09Z'SYS'6E | 8ZT'LG0'90E | Z AeMION|  T/60/80  280¢TT| esepidsn)| wnjaus) 221610 1LT|
N PEISIID O S BN -105|
3.268L9°ET Nov/€80°LY| 9907, ed Bingzies| emsny| €e€ | 8T0 | 100 | 200 | ¥ZT | €20 | T00 | 100 | 022 | LTO | 820 | €60 | 2SOPIOLSY'E | 18502G€C | T ewsny| LI/1e/G0| GI8ILE|  Bjojindy SuByuqns 8SH1[ OLT]
waisea ‘ualjarebiep|
1S M Soownes ‘ajren|
anw ‘nebun “asiql
FoLT6SY'TT N.SE99C V9| 20T|  ume| uaj SreipaLIBul EE%%Q Bejapugil|  AemioN| €vy | OT'0 | 20°0 | 200 | 08T | 9T0 | T00 | T00 | S¢'w | 600 | 870 | €50 | 86TTIE'BEB'E | SPL'9L0'9Z | T AeMION| LT/ST/OT|  OLOZTT|  BHoMnaY| suajugns wnubeyds| 8SHN| 69T|
uopfequuoliied)  -pioN|
A 1euienbue jo 3
TEVPLEET N,TSE60 8V Buuds e1edliS| azplep "ernsny Joddn e[ elsny| €6y | ET0 | 100 | 100 | ZZT | 8T0 | 100 | 100 | 86 | ¢T0 | 860 | €v0 | 98TZE0S96W | OZESEOVE | ¢ eWsny| I/T0/0T| ¢e8tir|  Eiojindy| SuBUGNS WNUBRYAS| 8HN| 89T]
1101501900
3.69/56'2T N.OTVS0'8Y| 82| B[nbuel3 pue| 00U JaLq] 1R sny| YIZ | 8T0 | 100 | T00 | €0E | €20 | T00 | T00 | 09% | 9TO | G20 | 620 | 998'6950958 | LLE6S8'BS | ¢ ewsny| LT/E0/90| 6I8TTL|  Bjojindy] suayuqns wnubeyds| — 8vHHN| L9T
snuly yum dwems | ‘B1aqsiabB3 “ioow| ue1s013q0)|
Jawq| “ewsny saddn|
3.88665 0T N.OTTBE €9 700180 Ua) GejopuaiL|  AemioN| LT€ | ¢v'0 | 000 | 000 | €22 | Sv'0 | 0000 | 000 | 20 | 880 | TT0 | BT0 | LOTEETBETZ | G6v'Z9GTOT | ¢ AeMION| /1/60/80] B8GOZIT|  Elo/ndy| suByuqns
-105|
3.0620€6'0T N.68EIVS €S| 00 J3UNUBLIEZ] uj AUBWIBS| 2SE | STO | 000 | 1000 | VET | 220 | 000 | 000 | 86 | STO | 020 | €20 | V8T'6LOGIBOT | SOTOSLEL | AUBWISD| ZT/S0/TT|  8Z8TLT|  BJojindy] susyuqns
‘aas[eRydS
unuaLeZ "BURISWO -6
3.69/56'2T N.OTVS0'8Y| 82| BnbUEIS pUE 100U JaLuq]| e[ elmsny| 08L | 120 | 100 | 100 | S5¢ | L0 | 000 | 000 | LG | 120 | 120 | L0 | ¢90ELEWZSTL | 8610618 | ¢ ewsny| /1/E0/90| I8TTT|  Elo/indy| SuauGnS Wnubeyds| — 8EHHN| 91|
SnuUlY Yum durems aain “Bi1aqsab63 ‘100w 1131501300
Jawq) “ewsny saddn|
3.69/56'2T N.OTVS0'8Y| 82| B[nbueL3 pue| 00U JaUq] (o] ellsny| ves | €10 | T00 | T00 | 642 | 8T0 | 0000 | 000 | 2€G | ¢TO | 220 | 520 | YSU'EVs'9L9'TL | 810'280E8 | ¢ ewisny| [1/€0/90| 9T8TIT|  BlO/indy| suayuqns wnubeyds|  8HHN| €97
snuly yum dwems | ‘B1eqs|abB3 “ioow| u21s01200)|
Jawq| “ewsny saddn|
3.LT6GV TT N.GE99Z v9| 201 ume| ud) (euuafifeq)| BelapUAIL|  AeMION| SO | 9T'0 | 200 | 200 | vZz | 120 | T00 | T00 | 219 | vTO | €0 | 150 | 2¢B89GO9EIED | 69SOZGEY | T ABMION| LT/SZ/OT|  9902TT|  Bjojindy] suayuqns BHN| 29T
uapequuofieal  -pion|
Ad 18urenbuen Jo 3|

54



Table S2. summary statistics

Upper
Quantile Lower Coefficient
IParameter Mean Median SD SE inil { 75% Quartile 25%| of Variation | Sample size
Number of retained reads 65,104,262 | 52,996,611 | 45,063,147 | 3,260,655 | 13,288,713 |306,057,128 | 81,482,310 | 36,501,266 0.69 191
Fraction of reads mapped to the nuclear genome 0.44 0.43 0.16 0.01 0.09 0.81 0.55 0.32 0.36 191
Fraction of PCR duplicates 0.16 0.14 0.09 0.01 0.04 0.51 0.19 0.10 0.55 191
Fraction of reads uniquely mapped to the nuclear genome 0.38 0.36 0.16 0.01 0.06 0.73 0.48 0.25 0.41 191
ICoverage, nuclear genome 6.25 5.73 2.56 0.19 1.62 14.36 7.94 4.40 0.41 191
Fraction of reads uniquely mapped to the mitochondrial genome 0.01 0.01 0.01 0.00 0.00 0.02 0.01 0.00 0.81 191
ICoverage, mitochondrial genome 300 265 171 12 47 1,709 370 197 0.57 191
Fraction of reads uniquely mapped to the chloroplast genome 0.02 0.01 0.01 0.00 0.00 0.05 0.02 0.01 0.61 191
ICoverage, chloroplast genome 830 725 529 38 85 4,300 1,118 500 0.64 191
Table S3. Number of genetic markers used in different analyses
Analysis Software Marker type Number across
PCA ANGSD, R nuclear biallelic sites, based on allele counts 16274743 whole nuclear genome
Ancestry assignment and admixture | ADMIXTURE independent SNPs, nuclear 23560 63% of the nuclear reference genome length
F; calculation ANGSD nuclear biallelic sites based on GLs, pairwise 121+10M (SD) whole nuclear genome
Fg; calculation R nuclear SNPs 455724 whole nuclear genome
Phylogenetic analysis RaxML nuclear SNPs 455724 whole nuclear genome
Phylogenetic analysis RaxML chloroplast SNPs 1953 whole chloroplast genome
Phylogenetic analysis RaxML mitochondrial SNPs 1032 whole mitochondrial genome
Admixture with TreeMix TreeMix independent SNPs, nuclear 23560 63% of the nuclear reference genome length
Admixture with /3 statistics TreeMix independent SNPs, nuclear 23560 63% of the nuclear reference genome length
Admixture with D-statistics, 1 test ANGSD nuclear biallelic sites based on Gls 35029+5895 (SD) 70.3% of the nuclear reference genome length
Admixture with D-statistics, 2" test ANGSD nuclear biallelic sites based on Gls 193839+39386 (SD) 70.3% of the nuclear reference genome length

Table S4. y statistics for all gene trees
Upper Lower

Quantile | Quartile | Coefficient | Sample
Parameter Total Mean Median SD SE Maximum 75% 25% of Variation size
Total number of nucleotide sites 1,661,556 1,682 1,385 1,164 37.04 255 9,408 2,090 914 0.69 988
Number of distinct site patterns 1,541,639 1,560 1,290 1,071 34.09 252 8,780 1,920 869 0.69 988
Number of parsimony informative sites 117,724 119 97 90 2.86 11 758 148 62 0.76 988
Number of constant sites 1,494,764 | 1,513 1,251 1,045 33.23 221 8,470 1,887 830 0.69 988
AIC 8,471 7,026 5,583 177.63 1,594 45,296 10,466 4,884 0.66 988
cAIC 12,848 7,672 28,549 908.27 3,054 285,915 11,236 5,695 2.22 988
BIC 10,434 9,003 5,825 185.33 2,610 48,020 12,642 6,701 0.56 988
Mean node bootstrap support 56 57 10 0.31 25 78 63 50 0.18 988
Discordance score 13 14 3.79 0.12 2 20 16 10 0.29 988
Table S5. Summary statistics for all sliding-window trees

Upper Lower [Coefficien
Quantile | Quartile t of p

Parameter Total Mean | Median SD SE | Minimum | Maximum 75% 25% Variation | size
Number of distinct site patterns 140,874,417 79,455 | 80,976 8,502 |201.91 3,531 91,901 83,785 77,467 0.11 1773
Number of parsimony
informative sites 18,838,614 10,625 | 10,935 | 1,561 37.08 465 14,148 11,548 10,181 0.15 1773
Number of constant sites 150,113,976 84,667 | 85,404 6,786 161.17 3,513 95,316 86,169 84,672 0.08 1773
Mean node bootstrap support NA 86.69 | 86.97 2.85 0.07 69 93 89 85 0.03 1773
Discordance score NA 6.06 6.00 2.79 0.07 0 18 8 4 0.46 1773
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Table S6. D-statistic test results with Flatbergium sericeum as an outgroup.

Only phylogenetically correct triplets are shown. Non-significant values are underlined
nBlocks,
INABBA, |[nBABA, |number
o, JK.D, Inumber of [number of |of blocks
laverage [jackknife V.JK.D., pvalue  |ABBA  [BABA |with
D- estimate |variance [fromthe Z |patterns |patterns |observed
No statistic_|of D of D Z score _|score observed |observed |data P1 P2 P3 Outgroup Species Pair
1) -0.04] -0.04| 0.0000] -5.99| 0.0000[ 10915| 11711 339|capillifolium _|subnitens compactum _|F.sericeum |capillifolium,compactum
2 0.03 0.03] 0.0000 5.15] 0.0000| 13788 12971 n um__|compactum _|F. 1 |capillifolium, 1
3| 0.09| 0.09| 0.0000| 15.98| 0.0000| 20573 17294 340|squarrosum __|capillifolium _jcompactum _|F.sericeum __|capillifolium,compactum
4 0.09 0.09| 0.0000] 17.20| 0.0000| 18470, 15367 I hyllum illifolium _|cc uim__|F.sericeum _|capillifolium,compactum
5| -0.01] -0.01] 0.0000] -1.91| 66 8543 8753 338|capillifolium _|fuscum compactum |F.sericeum |capillifolium,compactum
6| 0.000 0.00] 0.0000] 0.35] 0.7235] 20006| 19910 339(divinum um _|capillifolium capillifolium,compactum
7| -0.23] -0.23| 0.0000 -44.79| 0.0000| 16209 26060 337|lindbergii flexuosum capillifolium _|F.sericeum |capillifolium,lindbergii
8| -0.21] -0.21] 0.0000 -40.67| 0.0000| 16664 25318 339|lindbergii tenellum capillifolium _|F.sericeum |capillifolium,lindbergii
9| -0.08 -0.08] 0.0000 -14.75| 0.0000| 17823 21039 337|lindbergii riparium capillifolium _|F.sericeum _|capillifolium,lindbergii
10| -0.05 -0.05| 0.0000| -8.57| 0.0000] 17945 19873 339|capillifolium im |l i F.sericeum _|capillifolium,lindbergii
11| -0.04] -0.04| 0.0000] -6.37| 0.0000] 18909 20395 339|capillifolium __|divinum lindbergii F.sericeum _|capillifolium,lindbergii
12 0.11] 0.11) 0.0000] 19.84| 0.0000| 18621 14919 339platyphyllum _|capillifolium _[lindbergii F.sericeum |capillifolium,lindbergii
13| -0.03| -0.03| 0.0000| -4.46/ 0.0000] 10888 11512 340|capillifolium _|subnitens lindbergii F.sericeum _|capillifolium,lindbergii
14/ 001] 0.01) 0.0000] 1.01] 0.3149] 13472 13299 338/fimbriatum F.sericeum _|capillifolium.lindbergii
15/ 0.000 0.00] 0.0000| 58| 0.5620 8529 8595 pillifolium capillifolium.lindbergii
16| -0.18 -0.18| 0.0000| -34.98| 0.0000] 14958 21599 338[riparium flexuosum capillifolium _|F.sericeum _|capillifolium,riparium
17| -0.15 -0.15| 0.0000| -27.24| 0.0000] 15554| 20965 339|riparium tenellum capillifolium _|F.sericeum _|capillifolium,riparium
18| -0.06] -0.06| 0.0000] -9.84] 0.0000] 17195 19467 illifolium Jm__Jriparium F.sericeum |capillifolium,riparium
19| -0.05 -0.05| 0.0000| -8.00] 0.0000] 18171 20005 339|capillifolium__|divinum riparium F.sericeum __|capillifolium,riparium
20| 0.12] 0.12] 0.0000] 21.88| 0.0000| 18424) 14543 340|platyphyllum |capillifolium _|riparium F.sericeum _|capillifolium,riparium
21| -0.03] -0.03| 0.0000[{ -4.84] 0.0000] 10646 11309 340|capillifolium  |subnitens riparium F.sericeum |capillifolium,riparium
22| 0.01] 0.01] 0.0000| 1.73| 0.0832] 13267 12975| 339|fimbriatum capillifolium |riparium F.sericeum |capillifolium.riparium
23| X 68| 0.0923] 8292) 8475  338lcapillifolium |fuscum riparium capillifolium. riparium
24| -0.05 -0.05| 0.0000] -8.26| 0.0000] 16374 18140 lium im  Jtenellum F.sericeum _|capillifolium,tenellum
25| -0.04] -0.04| 0.0000, -6.68| 0.0000| 17209 18665 338|capillifolium __|divinum tenellum F.sericeum _|capillifolium,tenellum
26| -0.04] -0.04| 0.0000, -5.32| 0.0000/ 10073 10820 338|capillifolium _|subnitens tenellum F.sericeum _|capillifolium,tenellum
27| 0.06| 0.06| 0.0000 8.79| 0.0000] 11794 10547 338|flexuosum tenellum capillifolium _[F.sericeum |capillifolium,tenellum
28 0.13] 0.13] 0.0000] 22.46| 0.0000| 17573 13642 | hyllum |capillifolium _[tenellum F.seri 1 [capillifolium,tenellum
29 0.03] 0.03| 0.0000 4.05 0.0001] 12683 12061 338[fimbriatum _|capillifolium __jtenellum F.sericeum _|capillifolium,tenellum
30| -002| -0.02 0.0001) -2.25 0.0244) 7802 8054 338|capillifolium _|fuscum tenellum F.sericeum _|capillifolium.tenellum
31 0.06| 0.06| 0.0000] 11.27| 0.0000] 20086 17674 339|squarrosum _ [fimbriatum  |compactum |F.sericeum  [compactum,fimbriatum
32 007 0.07| 0.0000] 11.56| 0.0000] 18134] 15893 [pl hyllum_[fimbriatum __|col uim__|F.sericeum _|compactum,fimbriatum
33 000 0.00 0.0001] 0.70] 0.4847| 19691 19497 338|divinum compactum _[fimbriatum _|F.sericeum |compactum.fimbriatum
34 000 000 0.0000] -0.15] 0.8805] 13890 4 330ffimbriatum _|subnitens lcompactum fimbriatum
35 0.08| 0.08| 0.0000] 14.86| 0.0000| 20495 17452 335|squarrosum _[fuscum compactum _|F.sericeum _|compactum,fuscum
36 0.09| 0.09| 0.0000] 15.43| 0.0000| 18467 15571 337|platyphyllum |fuscum compactum _|F.sericeum _ |compactum,fuscum
37| -0.03] -0.03| 0.0000[ -4.54] 0.0000| 11113 11692 338|fuscum 'subnitens compactum |F.sericeum  |compactum,fuscum
38 0.02] 0.02| 0.0000 3.48 0.0005| 13879 13323 338[fimbriatum __ |fuscum compactum _|F.sericeum _|compactum,fuscum
39| 000 0.00 0.0000] 047 0.6378] 19913 19787 337|divinum compactum _[fuscum F.sericeum |compactum.fuscum
40, -0.23] -0.23| 0.0000] -47.30] 0.0000| 15613 25081 339|lindbergii flexuosum  |compactum |F.sericeum |compactum,lindbergii
41| -0.21] -0.21] 0.0000 -44.07| 0.0000| 15982 24422 339|lindbergii tenellum compactum _|F.sericeum _|compactum,lindbergii
42| -0.10 -0.10| 0.0000, -19.05| 0.0000| 16582 20103 338lindbergii riparium compactum _|F.sericeum |compactum,lindbergii
43| 0.05| 0.05| 0.0000 7.74| 0.0000] 20775/ 18894 340|platyphyllum im F. 1 |compactum,lindbergii
44 0.03| 0.03| 0.0000 3.85| 0.0001] 19866/ 18837 338|divinum icompactum |platyphyllum |F.sericeum |compactum,platyphyllum
45/ 000 0.00| 0.0000] 0.83] 0.4046) 20379 20193 339/squarrosum _|platyphyllum jcompactum _|E.sericeum _jcompactum,platyphyllum
46| -0.17| -0.17| 0.0000 -34.75| 0.0000| 14716 20640 338[riparium flexuosum compactum _|F.sericeum _|compactum,riparium
47| -0.14] -0.14| 0.0000 -28.19| 0.0000| 15230 20102 338[riparium tenellum compactum _|F.sericeum _|compactum,riparium
48 0.04] 0.04| 0.0000 7.08| 0.0000| 20128 18488| I hyllum Im__|riparium F.sericeum _jcompactum,riparium
49 0.06 0.06] 0.0000] 11.70[ 0.0000] 20481 18029 340|squarrosum  |subnitens compactum _|F.sericeum  |compactum,subnitens
50 0.07| 0.07| 0.0000] 11.68| 0.0000| 18516 16189 339|platyphyllum |subnitens compactum |F.sericeum  |compactum,subnitens
51| 000 0.00] 0.0000] 061 0.5424] 19951 19788 338|divinum compactum _|subnitens F.sericeum [compactum.subnitens
52| 0.05 0.05| 0.0000 7.77] 0.0000] 11569] 10483 339flexuosum __[tenellum m_|F. N im,tenellum
53| 0.06| 0.06| 0.0000 9.53| 0.0000| 19447 17256 337|platyphyllum im__[tenellum F. 1 |compactum,tenellum
54| -0.04] -0.04| 0.0000, -6.31 0.0000] 10950 11850 340|capillifolium _|subnitens divinum F.sericeum _|divinum,capillifolium
55 0.03] 0.03| 0.0000 5.13| 0.0000] 13898 13047 340 m im__ [divinum 1 |divinum,capillifolium
56 0.04] 0.04| 0.0000 7.62| 0.0000] 20427| 18721 340|squarrosum _[capillifolium _|divinum F.sericeum _|divinum,capillifolium
57| 0.11] 0.11) 0.0000] 20.08/ 0.0000| 19070, 15152 340|platyphyllum |capillifolium __|divinum F.sericeum |divinum,capillifolium
58/ -0.01 -0.01 0.0000] -2.06/ 0.0393] 8544]  8785| 340|capillifolium _ |fuscum divinum F.sericeum _|divin pillifolium
59 0.09| 0.09| 0.0000] 14.58| 0.0000| 18615 15680 339|platyphyllum_|fimbriatum divinum F.sericeum |divinum,fimbriatum
60| 0.02] 0.02| 0.0000 3.45/ 0.0006| 19840/ 19070 339|squarrosum _ [fimbriatum _|divinum F.sericeum _|divinum,fimbriatum
61 000 0.00] 0.0000] -0.32) 0.7515 13982 14036 339ffimbriatum _|subnitens _|divinum F.sericeum _|divinum.fimbriatum
62| 0.04] 0.04| 0.0000 6.84] 0.0000] 20355/ 18885 334|squarrosum _ [fuscum divinum F.sericeum |divinum,fuscum
63| 0.11] 0.11) 0.0000] 19.39| 0.0000| 19042 15316 I hyllum _[fuscum divinum F.serif 1 |divinum,fuscum
64| -0.03 -0.03| 0.0000] -5.00] 0.0000] 11105 11774 338|fuscum subnitens divinum F.sericeum _|divinum,fuscum
65 0.02) 0.02] 0.0000] 3.79] 0.0002] 13963 13339 339[fimbriatum __|fuscum divinum F.sericeum _|divinum,fuscum
66| -0.23] -0.23| 0.0000) -48.24| 0.0000| 15856 25229 339|lindbergii flexuosum divinum F.sericeum _|divinum,lindbergii
67| -0.21] -0.21] 0.0000] -43.73| 0.0000| 16283 24748 339|lindbergii tenellum divinum F.sericeum |divinum,lindbergii
68| -0.09 -0.09| 0.0000 -17.47| 0.0000| 17088 20543 338|lindbergii riparium divinum F.sericeum _[divinum,lindbergii
69| 0.05] 0.05| 0.0000 9.41] 0.0000] 21957| 19728 | hyllum |divinum lindbergii F.serif 1 |divinum,lindbergii
70| 001 0.01) 0.0000] 1.65] 0.0991] 18894] 18531 339|compactum _|divinum lindbergii F.sericeum _|divinumlindbergii
71] -0.17| -0.17| 0.0000| -34.50] 0.0000] 14827| 20747 339riparium flexuosum divinum F.sericeum  |divinum,riparium
72| -0.14] -0.14| 0.0000] -26.81] 0.0000{ 15361 20355 339[riparium tenellum divinum F.sericeum |divinum,riparium
73] 0.05] 0.05| 0.0000 9.05| 0.0000] 21204 19242 | hyllum |divinum riparium F.sericeum _|divinum,riparium
74| 001 0.01] 0.0000) 1.60| 0.1089) 18231 17893 338|compactum _|divinum I m F.sericeum _|divinum,riparium
75| -0.05| -0.05| 0.0000] -9.26| 0.0000| 19636 21812 338|squarrosum _|platyphyllum _|divinum F.sericeum |divinum,squarrosum
76| -0.04] -0.04| 0.0000, -5.80| 0.0000| 18901 20340 338|divinum icompactum _|squarrosum _|F.sericeum _|divinum,squarrosum
77 0.09| 0.09| 0.0000] 15.48| 0.0000| 18958 15869 339|platyphyllum |subnitens divinum F.sericeum  |divinum,subnitens
78 0.02] 0.02| 0.0000 3.64] 0.0003] 20291 19494 339|squarrosum _ |subnitens divinum F.sericeum |divinum,subnitens
79| 0.04) 0.04| 0.0000] 6.67| 0.0000] 11588 10660 338|flexuosum __|tenellum divinum F.sericeum _|divinum,tenellum
80 0.06| 0.06| 0.0000] 10.87| 0.0000| 20402 17995| | hyllum |divinum tenellum F. 1 [divinum,tenellum
81 001 001 0.0000 1.10] 02723 17252 17031 338|compactum _|divinum tenellum F.sericeum |divinum.tenellum
82] 0.04] 0.04| 0.0000 6.28 0.0000| 16446 15156 339|subnitens capillifolium _[fimbriatum  |F.sericeum _|fimbriatum,capillifolium
83 002 0.02) 0.0001] 2.22| 0.0267| 11851] 11483 335/fuscum capillifolium _ [fimbriatum _|F.sericeum _[fimbriatum.capillifolium
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84 0.03| 0.03| 0.0000 4.25| 0.0000] 16391 15488| 337|subnitens fuscum fimbriatum F.sericeum _[fimbriatum,fuscum
85| -0.23] -0.23| 0.0000 -45.75| 0.0000| 16103 25746 339|lindbergii flexuosum [fimbriatum  |F.sericeum _[fimbriatum,lindbergii
86| -0.21] -0.21] 0.0000] -43.38 0.0000| 16352 25135 338|lindbergii tenellum fimbriatum  |F.sericeum _|fimbriatumlindbergii

87| -0.08) -0.08| 0.0000 -15.28| 0.0000| 17674 20914 336|lindbergii riparium fimbriatum  |F.sericeum _|fimbriatumlindbergii
88| -0.04/ -0.04| 0.0000] -7.22| 0.0000] 18221] 19934 340|fimbri i F.sericeum _(fimbriatum,lindbergii
89| -0.03 -0.03] 0.0000, -5.27| 0.0000] 19192 20452 339ffimbriatum _|divinum lindbergii F.sericeum _[fimbriatum,lindbergii
90| 0.10] 0.10] 0.0000] 18.21| 0.0000| 18748 15244 339|platyphyllum [fimbriatum [lindbergii F.sericeum  [fimbriatum,lindbergii

i

91| -002 -0.02 0.0000] -2.97| 0.0029) 13679 14185 340ffimbriatum _|subnitens __|lindbergii F.sericeum _[fimbriatum.lindbergii
92| -0.17| -0.17| 0.0000, -31.60| 0.0000| 14889 21203 339|riparium flexuosum _[fimbriatum  |F.sericeum _|fimbriatum,riparium
93| -0.15 -0.15| 0.0000, -27.47| 0.0000| 15324 20781 338]riparium tenellum fimbriatum  |F.sericeum _[fimbriatum,riparium
94| -0.05| -0.05| 0.0000, -8.35 0.0000| 17534] 19475 337[fimbriatum _ |compactum _[riparium F.sericeum __[fimbriatum,riparium
95| -0.04] -0.04| 0.0000[ -6.95 0.0000[ 18425 20020 338|fimbriatum divinum riparium F.sericeum _[fimbriatum,riparium
96 0.11] 0.11) 0.0000] 19.01] 0.0000| 18416 14877 338|platyphyllum _[fimbriatum |riparium F.sericeum _[fimbriatum,riparium

97| -0.02] -0.02| 0.0000] -2.59] 0.0095| 13367 13802 338ffimbriatum _|subnitens riparium F.sericeum _[fimbriatum.riparium

98| -0.03) -0.03 0.0000] -5.42| 0.0000] 16891 18059 tenellum F.sericeum _ffimbriatum,tenellum
99| 0.04 0.04| 0.0000] 6.60] 0.0000] 11549 10617 339[flexuosum __|tenellum fimbriatum _ |F.sericeum _[fimbriatum,tenellum
100 0.10| 0.10{ 0.0000/ 17.50[ 0.0000] 17374] 14129 I hyllum_[fimbriatum _[tenellum F.sericeum _[fimbriatum,tenellum
101) -0.03] -0.03| 0.0000] -4.25| 0.0000] 17655 18576 339ffimbriatum __|divinum tenellum F.sericeum _[fimbriatum,tenellum
102| -0.01] -0.01| 0.0000] -0.92 0.3573] 12702] 12850 338fimbriatum  |subnitens tenellum F.sericeum [fimbriatum.tenellum
103| -0.05 -0.05/ 0.0000| -7.55| 0.0000| 16136] 17740 ifolium_|cc flexuosum  |F.sericeum _|flexuosum,capillifolium
104| -0.04] -0.04| 0.0000| -5.37| 0.0000| 9824| 10542 338|capillifolium _|subnitens flexuosum F.sericeum _[flexuosum,capillifolium
105 -0.03) -0.03| 0.0000| -5.88] 0.0000] 16967| 18192 338|capillifolium _|divinum flexuosum F.sericeum _[flexuosum,capillifolium
106 0.12] 0.12| 0.0000] 21.91| 0.0000| 17189 13443 | hyllum _|capillifolium _|flexuosum F.sericeum _[flexuosum,capillifolium
107 0.03 2.24] 00249 12303 11968 339ffimbriatum _|capillifolium _|flexuosum  |F.sericeum _|flexuosum,capillifolium
108| -0.01 -1.93] 0.0541] 7719| 7918 337|capillifolium E.sericeum [flexuosum,capillifolium
109 0.06| 9.92| 0.0000] 19150/ 16980 340|platyphyllum F.sericeum [flexuosum m

110 0.07| 0.07| 0.0000] 11.81| 0.0000| 20158 17678 339|platyphyllum |divinum \ﬂexuosum F.sericeum \ﬂexuosum.divinum
111) 0.01] 001] 0.0000] 1.42| 0.1549) 16946] 16658 338|compactum _|divinum flexuosum  |E.sericeum [flexuosum.divinum
112| -0.04] -0.04| 0.0000{ -6.05| 0.0000] 16550 17869 340ffimbriatum  jcompactum _ [flexuosum F.sericeum  [flexuosum,fimbriatum

113 0.11] 0.11) 0.0000| 19.42| 0.0000| 17237 13839 | hyllum_[fimbriatum  |flexuosum F.sericeum _[flexuosum,fimbriatum
114) -0.03] -0.03| 0.0000] -4.63] 0.0000] 17303 18288 339[fimbriatum __|divinum flexuosum _ |F.sericeum _|flexuosum.fimbriatum
115 -0.02) -0.02| 0.0000| -2.52) 0.0118] 12310 12714 339fimbriatum |subnitens [flexuosum F.sericeum [flexuosum.fimbriatum
116| -0.04| -0.04| 0.0000] -6.15| 0.0000] 16230| 17587 335/fuscum icompactum __[flexuosum F.sericeum _[flexuosum,fuscum
117 0.12] 0.12| 0.0000] 20.18| 0.0000] 17192 13630 339|platyphyllum |fuscum flexuosum F.sericeum _[flexuosum,fuscum
118 -0.03] -0.03]| 0.0000] -4.77| 0.0000] 17101 18121 338|fuscum divinum flexuosum  |F.sericeum _|flexuosum,fuscum
119] -0.02] -0.02| 0.0000] -3.95 0.0001 9987| 10482 339/fuscum subnitens flexuosum _ |F.sericeum _|flexuosum,fuscum

120] 0.00] 0.00| 0.0000] 0.54] 0.5923] 12295 12215 339ffimbriatum _|fuscum flexuosum  |F.sericeum |flexuosum.fuscum
121] -0.11] -0.11] 0.0000{ -18.38] 0.0000] 16765 20733 339|squarrosum _|platyphyllum [flexuosum F.sericeum [flexuosum,squarrosum

122| -0.05 -0.05| 0.0000| -8.24] 0.0000] 17565 19493 339|squarrosum _|jcompactum _[flexuosum F.sericeum __[flexuosum,squarrosum
123| -0.04| -0.04| 0.0000| -7.36/ 0.0000] 17885 19453 338|squarrosum _|divinum flexuosum F.sericeum _[flexuosum,squarrosum
124| -0.03] -0.03| 0.0000{ -4.85| 0.0000] 17224 18310 338|squarrosum  |subnitens flexuosum F.sericeum [flexuosum,squarrosum
125| -0.02] -0.02| 0.0000{ -3.15| 0.0017| 17153 17814 339|squarrosum _[fimbriatum  [flexuosum F.sericeum  [flexuosum,squarrosum

126| -0.02] -0.02| 0.0000] -2.54| 0.0110] 17251 17793 337|squarrosum _|fuscum flexuosum  |F.sericeum _|flexuosum.squarrosum
127] -0.0] X 56 0.1180| 17312 17643 337|squarrosum _ |capillifolium _[flexuosum _ |E.sericeum |flexuosum.squarrosum
128 0.10 0.10] 0.0000| 16.94) 0.0000] 17191] 14135 Ipl hyllum |subnitens flexuosum |F.sericeum _[flexuosum,subnitens

129] -0.03[ -0.03[ 0.0000] -3.83] 0.0001] 16812 17680  337|subnitens  |compactum [flexuosum _|F.sericeum _|flexuosum,subnitens

130| -0.01] -0.01] 0.0000| -2.43 0.0149| 17675 18200 339/subnitens __|divinum flexuosum  |F.sericeum _|flexuosum,subnitens
131] -0.24] -0.24] 0.0000{ -44.55| 0.0000] 15998 25919 334|lindbergii flexuosum  [fuscum F.sericeum  [fuscum,lindbergii
132| -0.21] -0.21] 0.0000| -40.05/ 0.0000] 16457| 25186 340|lindbergii tenellum fuscum F.sericeum _[fuscum,lindbergii
133| -0.09 -0.09| 0.0000| -15.52| 0.0000] 17607| 20927 337|lindbergii riparium fuscum F.sericeum _[fuscum,lindbergii
134| -0.05 -0.05| 0.0000| -7.95| 0.0000] 17977| 19743 338[fuscum icompactum __|lindbergii F.sericeum _[fuscum,lindbergii
135 -0.03] -0.03| 0.0000| -5.76/ 0.0000] 18993 20293 334[fuscum divinum lindbergii F.sericeum _[fuscum,lindbergii
136 0.11 0.11] 0.0000] 19.62| 0.0000] 18634 15034 338|platyphyllum [fuscum lindbergii F.sericeum  |fuscum,lindbergii
137| -0.03] -0.03| 0.0000| -4.26| 0.0000| 10940 339[fuscum subnitens lindbergii F.sericeum [fuscum,lindbergii
138| 0.000 0.00[ 0.0000] 0.11] 0.9122] 13569 0] 3 riatum _[fuscum lindbergii F.sericeum _[fuscum.lindbergii
139 -0.18] -0.18| 0.0000| -34.15/ 0.0000[ 14906 337|riparium flexuosum fuscum F.sericeum [fuscum,riparium
140 -0.15 -0.15| 0.0000| -27.72| 0.0000{ 15488 20901 338]riparium tenellum ffuscum F.sericeum  |fuscum,riparium
141| -0.06) -0.06| 0.0000| -8.96/ 0.0000] 17211 19273 335/fuscum lcompactum _|riparium F.sericeum _[fuscum,riparium
142| -0.04| -0.04| 0.0000{ -7.11] 0.0000] 18263 19868 334/fuscum divinum riparium F.sericeum [fuscum,riparium
143 0.11 0.11] 0.0000] 21.21] 0.0000] 18363| 14703| 338|platyphyllum |fuscum riparium F.sericeum  [fuscum,riparium
144 -0.02] -0.02| 0.0000| -3.45/ 0.0006| 10731 11192 338[fuscum lsubnitens riparium F.sericeum _[fuscum,riparium
145/ 0.00] 0.00| 0.0000] 0.21] 0.8310] 13257| 13222 337ffimbriatum __[fuscum riparium F.sericeum _[fuscum.riparium
146| -0.04] -0.04| 0.0000] -6.90, 0.0000{ 16528 18013 337|fuscum icompactum _tenellum F.sericeum |fuscum,tenellum
147) -0.03] -0.03| 0.0000] -5.55| 0.0000] 17366] 18603 338|fuscum divinum tenellum F.sericeum _[fuscum,tenellum
148) 0.05 0.05/ 0.0000] 8.31] 0.0000] 11740 10555 340[flexuosum __|tenellum fuscum F.sericeum _[fuscum,tenellum
149 0.12] 0.12| 0.0000] 20.85| 0.0000] 17516 13813 339|platyphyllum [fuscum tenellum F.sericeum  [fuscum,tenellum
150| -0.02) -0.02| 0.0000] -3.23] 0.0012] 10250] 10686 339|fuscum subnitens tenellum F.sericeum [fuscum,tenellum
151 0.01) 0.01] 0.0000] 1.88] 0.0601] 12624) 12329 339ffimbriatum __[fuscum tenellum F.sericeum _[fuscum,tenellum
152 0.17] 0.17| 0.0000f 33.15[ 0.0000] 22527 16124 338jtenellum riparium lindbergii F.sericeum _|lindbergii,riparium
153 0.20] 0.20] 0.0000] 41.52] 0.0000] 23079 15430 338|flexuosum riparium lindbergii F.sericeum _[lindbergii,riparium

154| -0.24] -0.24| 0.0000| -47.45/ 0.0000] 16441 26888 339|lindbergii flexuosum squarrosum _|[F.sericeum _|lindbergii,squarrosum
155| -0.22| -0.22| 0.0000| -45.06/ 0.0000] 16699 26259 338lindbergii tenellum squarrosum _|F.sericeum _[lindbergii,squarrosum

156| -0.11] -0.11] 0.0000| -19.39| 0.0000] 18604 23245 340|squarrosum__|platyphyllum _|lindbergii F.sericeum _[lindbergii,squarrosum
157| -0.08 -0.08| 0.0000| -15.26/ 0.0000] 18354 21736 338|lindbergii riparium squarrosum _|F.sericeum _|lindbergii,squarrosum
158| -0.07| -0.07| 0.0000| -11.57| 0.0000] 19382 22283 340|squarrosum _|compactum _[lindbergii F.sericeum |lindbergii,squarrosum
159| -0.06) -0.06| 0.0000| -9.53] 0.0000| 19750] 22139 340|squarrosum _|divinum lindbergii F.sericeum _[lindbergii,squarrosum
160 -0.04] -0.04| 0.0000| -6.93] 0.0000] 19219 20854 340|squarrosum _|subnitens lindbergii F.sericeum _[lindbergii,squarrosum
161| -0.03] -0.03| 0.0000] -4.92| 0.0000] 19138 20251 340[squarrosum _|fuscum lindbergii F.sericeum _[lindbergii,squarrosum
162| -0.03) -0.03| 0.0000] -4.72| 0.0000] 19152 20280 340|squarrosum _ [fimbriatum __[lindbergii F.sericeum _[lindbergii,squarrosum
163| -0.02] -0.02| 0.0000] -4.17| 0.0000] 19250| 20193 340|squarrosum __|capillifolium__[lindbergii F.sericeum _[lindbergii,squarrosum

164| -0.23] -0.23| 0.0000| -45.36] 0.0000 16172 26079 340|lindbergii flexuosum lsubnitens F.sericeum _[lindbergii,subnitens
165 -0.21] -0.21] 0.0000{ -40.90] 0.0000] 16657| 25354 339|lindbergii tenellum subnitens F.sericeum _[lindbergii,subnitens

166 -0.08 -0.08| 0.0000| -14.44| 0.0000] 17717| 20864 339|lindbergii riparium subnitens F.sericeum _[lindbergii,subnitens
167| -0.03 -0.03| 0.0000| -5.48/ 0.0000] 18513 19756 339|subnitens F.sericeum _[lindbergii,subnitens
168| 0.09| 0.09| 0.0000/ 16.05[ 0.0000] 18613] 15560 340|platyphyllum |subnitens lindbergii F.sericeum _|lindbergii,subnitens
169 -0.02] -0.02| 0.0000] -3.49] 0.0005 19489 20282 339|subnitens divinum lindbergii F.sericeum _[lindbergii,subnitens
170 -0.05 -0.05| 0.0000| -8.70] 0.0000] 10827| 12063 339[tenellum flexuosum lindbergii F.sericeum _llindbergii,tenellum

171 0.02 0.02| 0.0000 3.16| 0.0016] 13137 12632 339|subnitens capillifolium _|platyphyllum |F.sericeum |platyphyllum,capillifolium
172| -0.01] -0.01] 0.0000| -2.25[ 0.0:

245 15836 297| 339|capillifolium _|fimbriatum _|platyphyllum |E.sericeum |platyphyllum.capillifolium
173| 0.01] 0.01] 0.0000] 1.34| . 9801 625 3 um capillifolium _[platyphyllum |platyphyllum.capillifolium

@
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174] 0.00| 0.7127| 16537 Iplatyphyllum [platyphyllum. fimbriatum
175 0.03) 0.1319] 13114 iplatyphyllum iplatyphyllum.fuscum
176| -0.01] -0.01] 0.0000| 0.2287) 16005 16256 Iplatyphyllum Iplatyphyllum.fuscum
177| 0.23 0.23| 0.0000] -44.48] 0.0000] 15720{ 25073 338lindbergii flexuosum platyphyllum |F.sericeum |platyphyllum,lindbergii
178 -0.21] 0.21] 0.0000| 0.0000| 16069 24499 338lindbergii tenellum platyphyllum |F.sericeum _|platyphyllum,lindbergii
179 -0.09] -0.09) 0.0000| 0.0000] 17173] 20415 338|lindbergii riparium platyphyllum |F.sericeum |platyphyllum,lindbergii
180 -0.17| 0.17| 0.0000| 0.0000] 14640 20810 338[riparium flexuosum platyphyllum |F.sericeum |platyphyllum,riparium
181 -0.15 0.15| 0.0000| 0.0000| 15155 20344 338|riparium tenellum platyphyllum |F.sericeum |platyphyllum,riparium
182 0.05| 0.05| 0.0000 0.0000]  11387| 10402 339[flexuosum tenellum platyphyllum |F.sericeum |platyphyllum,tenellum
183] -0.19) -0.19) 0.0000 0.0000] 14970| 22089 337]riparium flexuosum  |squarrosum _|F.sericeum |riparium,squarrosum
184| -0.17| 0.17| 0.0000| 0.0000| 15453] 21647 337[riparium tenellum squarrosum _|[F.sericeum _[riparium,squarrosum
185 -0.11] -0.11) 0.0000| 0.0000] 17970| 22608| 339|squarrosum _|platyphyllum riparium F.sericeum _[riparium,squarrosum
186/ -0.08 -0.08| 0.0000| 0.0000| 18595 21680 337|squarrosum _jcompactum _[riparium F.sericeum [riparium,squarrosum
187| -0.07| -0.07| 0.0000| 0.0000| 18937 21622 339|squarrosum _|divinum riparium F.sericeum _[riparium,squarrosum
188| -0.04] 0.04] 0.0000| 0.0000| 18744 20234 339|squarrosum _|subnitens riparium F.sericeum _[riparium,squarrosum
189 -0.03) -0.03] 0.0000 0.0000] 18560] 19621 338|squarrosum _[fimbri 1 [riparium F.sericeum [riparium,squarrosum
190| -0.03 0.03| 0.0000| 0.0000] 18711 19704 337|squarrosum _ [fuscum riparium F.sericeum _[riparium,squarrosum
191| -0.02 0.02| 0.0000| 0.0003| 18735 19556 339|squarrosum __|capillifolium__[riparium F.sericeum _[riparium,squarrosum
192 -0.18 0.18| 0.0000| 0.0000] 14869 21549 338[riparium flexuosum subnitens F.sericeum _[riparium,subnitens
193] -0.15 0.15| 0.0000| 0.0000] 15519] 20973| 338[riparium tenellum subnitens F.sericeum _[riparium,subnitens
194| -0.04] 0.04| 0.0000| 0.0000| 17822 19397 338|subnitens icompactum__|riparium F.sericeum _[riparium,subnitens
195 -0.03 0.03| 0.0000| . 0.0000| 18782 19955 339|subnitens divinum riparium F.sericeum _[riparium,subnitens
196 0.10| 0.10| 0.0000] 17.54| 0.0000] 18423 15205| 338|platyphyllum |subnitens riparium F.sericeum _[riparium,subnitens
197| -0.04] 0.04| 0.0000] -5.93| 0.0000[ 11669 12569 335(tenellum flexuosum riparium F.sericeum _[riparium,tenellum
198/ -0.11] -0.11) 0.0000| -18.07| 0.0000] 16354 20305 339|capillifolium  |platyphyllum |squarrosum |F.sericeum |squarrosum,capillifolium
199 0.02 0.02 0.0000] 3.19] 0.0014] 12116] 11666 339|subnitens capillifolium |squarrosum _|F.sericeum  |squarrosum,capillifolium
200 0.01] 0.01 0.0000 @i 0.1218]  9028| 8846 338Jfuscum capillifolium _|squarrosum _|E.sericeum _|squarrosum,capillifolium
201] -0.11] -0.11] 0.0000| -18.13| 0.0000 16618 20625| 339ffimbriatum __ |platyphyllum |squarrosum |F.sericeum |squarrosum,fimbriatum
202]  0.02] 0.02] 0.0000] 3.55] 0.0004] 15250] 14509]  338|subnitens _[fimbriatum |squarrosum |F.sericeum _|squarrosumfimbriatum
203 0.03) 0.0367| 14685] 14329 fuscum F.sericeum [squarrosum.fimbriatum
204]  0.00| F.sericeum _[squarrosum.fimbriatum
205 -0.10| 16618 20437| fuscum platyphyllum |squarrosum |F.sericeum  |squarrosum,fuscum
206/ 0.03) 12104/ 11816| 337|subnitens __[fuscum squarrosum _|F.sericeum _|squarrosum.fuscum
207| -0.09| 16916| 20425 339|subnitens platyphyllum |squarrosum _|F.sericeum |squarrosum,subnitens
208 -0.10| 17083] 20993| 338|squarrosum |platyphyllum tenellum F.sericeum  |squarrosum,tenellum
209 -0.05| 17946| 19721 338|squarrosum __|compactum _ftenellum F.sericeum _|squarrosum,tenellum
210 -0.04| 18240 19790 338|squarrosum _|divinum tenellum F.sericeum |squarrosum,tenellum
211 0.04] 11710, 10783 338[flexuosum tenellum lsquarrosum _|F.sericeum  |squarrosum,tenellum
212| -0.02| 17743 18545 338|squarrosum _|subnitens tenellum F.sericeum _|squarrosum,tenellum
213] -0.02 17460 18107 338| fimbriatum squarrosum.tenellum
214| -0.01| 17684 squarrosum.tenellum
215/  0.00| 17768 337 capillifolium squarrosum.tenellum
216/ 0.00| 14330 14448 340(capillifolium subnitenscapillifolium
217) 0.054] 11,819| 10,602 338[flexuosum __|tenellum subnitens F.sericeum _|subnitens,tenellum
218 0.102| 17,593 | 14,348 338|platyphyllum |subnitens tenellum F.sericeum _|subnitens,tenellum
219| -0.029| . 17,084 | 18,114 338|subnitens compactum __|tenellum F.sericeum _|subnitens,tenellum
220] -0.022| -0.022| 0.0000] -3.51] 0.0004] 17,919| 18,707 339|subnitens divinum tenellum F.sericeum _|subnitens,tenellum
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Table S7. Average pairwise absolute D-statistic Flatbergium

sericeum as an outgrou

p)

Average number

of ABBA and
BABA patterns |Number of
Pair D observed triplets
capillifolium,compactum 0.061 30,310 4
capillifolium,lindbergii 0.107 36,573 7
capillifolium,riparium 0.098 33,790 6
capillifolium,tenellum 0.056 28,250 6
compactum,fimbriatum 0.065 35,967 2
compactum,fuscum 0.053 30,500 4
compactum,lindbergii 0.146 39,374 4
compactum,platyphyllum 0.027 38,790 1
compactum,riparium 0.116 36,460 3
compactum,subnitens 0.065 36,547 2
compactum,tenellum 0.054 29,386 2
divinum,capillifolium 0.057 30,811 4
divinum, fimbriatum 0.053 36,667 2
divinum,fuscum 0.049 30,945 4
divinum,lindbergii 0.145 40,366 4
divinum,riparium 0.118 37,265 3
divinum,squarrosum 0.045 40,416 2
divinum,subnitens 0.054 37,249 2
divinum,tenellum 0.052 30,324 2
fimbriatum,capillifolium 0.041 31,720 1
fimbriatum,fuscum 0.028 31,980 1
fimbriatum,lindbergii 0.118 38,981 6
fimbriatum,riparium 0.105 36,228 5
fimbriatum,tenellum 0.051 31,235 4
flexuosum, capillifolium 0.060 29,993 4
flexuosum,compactum 0.060 36,178 1
flexuosum,divinum 0.066 37,872 1
flexuosum,fimbriatum 0.058 33,736 3
flexuosum,fuscum 0.052 30,101 4
flexuosum,squarrosum 0.050 36,500 5
flexuosum,subnitens 0.061 32,906 2
fuscum,lindbergii 0.106 36,475 7
fuscum,riparium 0.093 33,753 6
fuscum,tenellum 0.054 29,021 5
lindbergii,riparium 0.182 38,579 2
lindbergii,squarrosum 0.091 41,040 10
lindbergii,subnitens 0.111 39,180 6
lindbergii,tenellum 0.054 22,916 1
platyphyllum,capillifolium 0.020 25,769 1
platyphyllum,lindbergii 0.174 39,637 3
platyphyllum,riparium 0.160 35,477 2
platyphyllum,tenellum 0.045 21,764 1
riparium,squarrosum 0.081 38,855 9
riparium,subnitens 0.100 36,514 5
riparium,tenellum 0.037 24,261 1
squarrosum,capillifolium 0.063 32,318 2
squarrosum,fimbriatum 0.065 33,535 2
squarrosum,fuscum 0.103 36,980 1
squarrosum,subnitens 0.094 37,407 1
squarrosum,tenellum 0.051 34,619 5
subnitens,tenellum 0.052 31,547 4
51 significant out of 63 tested 175
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Table S8.The 3 statistics inferred with TreeMix
Only phylogenetically correct tripets are shown

Triplet F3 SE Z-score
((compactum;fimbriatum),flexuosum) 0.044 0.001 34
((fimbriatum;compactum),flexuosum) 0.090 0.002 50
((divinum;compactum),fimbriatum) 0.108 0.002 54
((compactum;fimbriatum),riparium) 0.046 0.001| 34
((fimbriatum;compactum),riparium) 0.088 0.002 48
((compactum;fimbriatum),tenellum) 0.044 0.001 33
((fimbriatum;compactum),tenellum) 0.090 0.002 49
((compactum;fimbriatum),lindbergii) 0.047 0.001 34
((fimbriatum;compactum),lindbergii) 0.087 0.002 48
((compactum;subnitens),flexuosum) 0.044 0.001 33
((subnitens;compactum),flexuosum) 0.190 0.003 75
((divinum;compactum),subnitens) 0.107 0.002 54
((compactum;subnitens),riparium) 0.046 0.001| 33
((subnitens;compactum),riparium) 0.188 0.003 74
((compactum;subnitens),tenellum) 0.044 0.001 33
((subnitens;compactum),tenellum) 0.189 0.003 75
((compactum;subnitens),lindbergii) 0.048 0.001 34
((subnitens;compactum),lindbergii) 0.186 0.003| 74
((capillifolium;compactum),flexuosum) 0.142 0.002 64
((compactum;capillifolium),flexuosum) 0.045 0.001 34
((divinum;compactum),capillifolium) 0.108 0.002 54
((capillifolium;compactum),riparium) 0.141 0.002 63
((compactum;capillifolium),riparium) 0.045 0.001 33
((capillifolium;compactum),tenellum) 0.142 0.002 63
((compactum;capillifolium),tenellum) 0.045 0.001 33
((capillifolium;compactum),lindbergii) 0.138 0.002 62
((compactum;capillifolium),lindbergii) 0.048 0.001 35
((divinum;compactum),flexuosum) 0.109 0.002 55
((squarrosum;compactum),flexuosum) 0.067 0.002 43
((fuscum;compactum),flexuosum) 0.151 0.002 66
((platyphyllum;compactum),flexuosum) 0.076 0.002 45
((compactum;divinum) riparium) 0.044 0.001| 33
((compactum;divinum),squarrosum) 0.045 0.001 34
((divinum;compactum),squarrosum) 0.107 0.002 54
((compactum;divinum),tenellum) 0.043 0.001 33
((divinum;compactum),tenellum) 0.109 0.002 54
((compactum;divinum),lindbergii) 0.047 0.001 34
((divinum;compactum),lindbergii) 0.106 0.002 53
((compactum;divinum),fuscum) 0.045 0.001 34
((divinum;compactum),fuscum) 0.108 0.002 54
((compactum;divinum), platyphyllum) 0.043 0.001 33
((divinum;compactum),platyphyllum) 0.109 0.002 54
((squarrosum;compactum),riparium) 0.066 0.002 42
((fuscum;compactum),riparium) 0.150 0.002 66
((platyphyllum;compactum),riparium) 0.076 0.002 45
((compactum;squarrosum),tenellum) 0.050 0.001 35
((squarrosum;compactum),tenellum) 0.069 0.002 43
((compactum;squarrosum),lindbergii) 0.055 0.001| 37
((squarrosum;compactum),lindbergii) 0.065 0.002 41
((fuscum;compactum),tenellum) 0.150 0.002 66
((platyphyllum;compactum),tenellum) 0.077 0.002 45
((fuscum;compactum),lindbergii) 0.147 0.002 65
((platyphyllum;compactum),lindbergii) 0.074 0.002 44
((fimbriatum;subnitens),flexuosum) 0.042 0.001 33
((subnitens;fimbriatum),flexuosum) 0.142 0.002 63
((fimbriatum;subnitens),divinum) 0.043 0.001 33
((subnitens;fimbriatum),divinum) 0.141 0.002| 62
((fimbriatum;subnitens),riparium) 0.042 0.001 32
((subnitens;fimbriatum),riparium) 0.142 0.002 62
((fimbriatum;subnitens),squarrosum) 0.044 0.001 33
((subnitens;fimbriatum),squarrosum) 0.139 0.002 62
((fimbriatum;subnitens) tenellum) 0.042 0.001| 32
((subnitens;fimbriatum),tenellum) 0.141 0.002 62
((fimbriatum;subnitens),lindbergii) 0.043 0.001 33
((fimbriatum;subnitens),platyphyllum) 0.044 0.001 33
((subnitens;fimbriatum), platyphyllum) 0.140 0.002 62
((capillifolium;fimbriatum),flexuosum) 0.094 0.002| 50
((fimbriatum;capillifolium),flexuosum) 0.043 0.001 34
((capillifolium;fimbriatum),divinum) 0.095 0.002 50
((fimbriatum;capillifolium),divinum) 0.042 0.001 33
((capillifolium;fimbriatum), riparium) 0.096 0.002 50
((fimbriatum;capillifolium),riparium) 0.041 0.001| 32
((capillifolium;fimbriatum),squarrosum) 0.093 0.002 50
((fimbriatum;capillifolium),squarrosum) 0.045 0.001 34
((capillifolium;fimbriatum),tenellum) 0.094 0.002 50
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((fimbriatum;capillifolium),tenellum) 0.043 0.001 33
((capillifolium;fimbriatum) lindbergii) 0.094 0.002| 50
((fimbriatum;capillifolium),lindbergii) 0.044 0.001 33
((capillifolium;fimbriatum),platyphyllum) 0.094 0.002 50
((fimbriatum;capillifolium), platyphyllum) 0.044 0.001 34
((divinum;fimbriatum),flexuosum) 0.108 0.002 54
((fimbriatum;flexuosum),riparium) 0.163 0.002 69
((flexuosum;fimbriatum),riparium) 0.231 0.003 85
((squarrosum;fimbriatum),flexuosum) 0.059 0.001 39
((fuscum;fimbriatum),flexuosum) 0.103 0.002 53
((platyphyllum;fimbriatum),flexuosum) 0.052 0.001 37
((divinum;fimbriatum),riparium) 0.110 0.002 54
((fimbriatum;divinum),riparium) 0.088 0.002 48
((squarrosum;fimbriatum),divinum) 0.066 0.002 41
((divinum;fimbriatum),tenellum) 0.109 0.002 54
((fimbriatum;divinum),tenellum) 0.089 0.002| 48
((divinum;fimbriatum),lindbergii) 0.108 0.002 53
((fimbriatum;divinum),lindbergii) 0.089 0.002 48
((fuscum;fimbriatum),divinum) 0.103 0.002 53
((platyphyllum;fimbriatum),divinum) 0.056 0.001 38
((squarrosum;fimbriatum),riparium) 0.060 0.002 39
((fuscum;fimbriatum),riparium) 0.105 0.002 53
((platyphyllum;fimbriatum),riparium) 0.054 0.001 37
((fimbriatum;squarrosum),tenellum) 0.088 0.002 48
((squarrosum;fimbriatum),tenellum) 0.061 0.002 39
((fimbriatum;squarrosum),lindbergii) 0.090 0.002 48
((squarrosum;fimbriatum),lindbergii) 0.059 0.002| 39
((fuscum;fimbriatum),squarrosum) 0.101 0.002 52
((platyphyllum;fimbriatum),squarrosum) 0.054 0.001 37
((fuscum;fimbriatum),tenellum) 0.103 0.002 52
((platyphyllum;fimbriatum),tenellum) 0.053 0.001 36
((platyphyllum;fimbriatum),lindbergii) 0.053 0.001| 37
((fimbriatum;fuscum),platyphyllum) 0.043 0.001 33
((fuscum;fimbriatum),platyphyllum) 0.103 0.002 52
((capillifolium;subnitens),flexuosum) 0.066 0.002 41
((subnitens;capillifolium),flexuosum) 0.115 0.002 56
((capillifolium;subnitens),divinum) 0.068 0.002 42
((subnitens;capillifolium),divinum) 0.113 0.002 55
((capillifolium;subnitens),riparium) 0.068 0.002 41
((subnitens;capillifolium),riparium) 0.113 0.002 55
((capillifolium;subnitens),squarrosum) 0.067 0.002| 41
((subnitens;capillifolium),squarrosum) 0.114 0.002 56
((capillifolium;subnitens),tenellum) 0.066 0.002 41
((subnitens;capillifolium),tenellum) 0.114 0.002 56
((capillifolium;subnitens),lindbergii) 0.067 0.002 41
((subnitens;capillifolium),lindbergii) 0.114 0.002| 56
((capillifolium;subnitens), platyphyllum) 0.067 0.002 41
((subnitens;capillifolium), platyphyllum) 0.114 0.002 56
((divinum;subnitens),flexuosum) 0.107 0.002 54
((squarrosum;subnitens),flexuosum) 0.056 0.001 39
((fuscum;subnitens),flexuosum) 0.075 0.002| 44
((platyphyllum;subnitens),flexuosum) 0.050 0.001 36
((divinum;subnitens),riparium) 0.109 0.002 54
((subnitens;divinum),riparium) 0.187 0.003 74
((squarrosum;subnitens),divinum) 0.065 0.002 41
((divinum;subnitens),tenellum) 0.108 0.002 53
((subnitens;divinum),tenellum) 0.187 0.003 74
((divinum;subnitens),lindbergii) 0.108 0.002 53
((subnitens;divinum),lindbergii) 0.187 0.003 74
((fuscum;subnitens),divinum) 0.077 0.002| 44
((platyphyllum;subnitens),divinum) 0.055 0.001 37
((squarrosum;subnitens),riparium) 0.058 0.002 38
((platyphyllum;subnitens),riparium) 0.052 0.001 36
((squarrosum;subnitens),tenellum) 0.059 0.002 39
((subnitens;squarrosum) tenellum) 0.186 0.003| 73
((squarrosum;subnitens),lindbergii) 0.058 0.002 38
((subnitens;squarrosum),lindbergii) 0.186 0.003 73
((fuscum;subnitens),squarrosum) 0.075 0.002 44
((platyphyllum;subnitens),squarrosum) 0.055 0.001 37
((fuscum;subnitens) tenellum) 0.075 0.002| 44
((subnitens;tenellum),fuscum) 0.115 0.002 56
((platyphyllum;subnitens),tenellum) 0.051 0.001 36
((fuscum;subnitens),lindbergii) 0.076 0.002 44
((platyphyllum;subnitens),lindbergii) 0.053 0.001 36
((fuscum;subnitens),platyphyllum) 0.077 0.002| 44
((subnitens;fuscum),platyphyllum) 0.113 0.002 55
((divinum;capillifolium),flexuosum) 0.109 0.002 55
((squarrosum;capillifolium),flexuosum) 0.057 0.001 39
((fuscum;capillifolium), flexuosum) 0.056 0.001]| 38
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((platyphyllum;capillifolium),flexuosum) 0.051 0.001 37
((capillifolium;divinum),riparium) 0.142 0.002 63
((divinum;capillifolium),riparium) 0.109 0.002 54
((squarrosum;capillifolium),divinum) 0.064 0.002 41
((capillifolium;divinum),tenellum) 0.141 0.002 63
((divinum;capillifolium),tenellum) 0.110 0.002 54
((capillifolium;divinum),lindbergii) 0.141 0.002 63
((divinum;capillifolium) indbergii) 0.109 0.002| 54
((fuscum;capillifolium),divinum) 0.055 0.001 38
((platyphyllum;capillifolium),divinum) 0.054 0.001 37
((squarrosum;capillifolium),riparium) 0.056 0.001 38
((fuscum;capillifolium),riparium) 0.055 0.001 38
((platyphyllum;capillifolium),riparium) 0.051 0.001 36
((capillifolium;squarrosum),tenellum) 0.138 0.002 62
((squarrosum;capillifolium),tenellum) 0.059 0.002 39
((capillifolium;squarrosum),lindbergii) 0.139 0.002| 62
((squarrosum;capillifolium),lindbergii) 0.058 0.002 39
((fuscum;capillifolium),squarrosum) 0.055 0.001 38
((platyphyllum;capillifolium),squarrosum) 0.055 0.001 38
((fuscum;capillifolium),tenellum) 0.055 0.001 38
((platyphyllum;capillifolium),tenellum) 0.052 0.001 37
((fuscum;capillifolium),lindbergii) 0.055 0.001 38
((platyphyllum;capillifolium),lindbergii) 0.053 0.001 37
((capillifolium;fuscum),platyphyllum) 0.046 0.001 34
((fuscum;capillifolium),platyphyllum) 0.056 0.001 38
((riparium;flexuosum),divinum) 0.187 0.003 74
((tenellum;flexuosum),divinum) 0.066 0.002| 43
((lindbergii;flexuosum),divinum) 0.063 0.002 41
((flexuosum;riparium),squarrosum) 0.230 0.003 84
((riparium;flexuosum),squarrosum) 0.186 0.003 74
((tenellum;flexuosum),riparium) 0.069 0.002 44
((flexuosum;riparium) lindbergii) 0.227 0.003| 84
((riparium;flexuosum),lindbergii) 0.188 0.003 74
((flexuosum;riparium),fuscum) 0.229 0.003 84
((riparium;flexuosum),fuscum) 0.186 0.003 74
((flexuosum;riparium), platyphyllum) 0.229 0.003 84
((riparium;flexuosum), platyphyllum) 0.187 0.003 74
((tenellum;flexuosum),squarrosum) 0.068 0.002 44
((lindbergii;flexuosum),squarrosum) 0.064 0.002 41
((flexuosum;tenellum),lindbergii) 0.082 0.002 46
((tenellum;flexuosum),lindbergii) 0.066 0.002| 43
((flexuosum;tenellum),fuscum) 0.084 0.002 46
((tenellum;flexuosum),fuscum) 0.065 0.002 43
((flexuosum;tenellum),platyphyllum) 0.082 0.002 46
((tenellum;flexuosum),platyphyllum) 0.067 0.002 43
((flexuosum;lindbergii) fuscum) 0.277 0.003| 96
((flexuosum;lindbergii),platyphyllum) 0.275 0.003 96
((lindbergii;flexuosum),platyphyllum) 0.065 0.002 42
((squarrosum;divinum),riparium) 0.065 0.002 41
((fuscum;divinum),riparium) 0.150 0.002 65
((platyphyllum;divinum) riparium) 0.077 0.002| 44
((divinum;squarrosum),tenellum) 0.114 0.002 55
((squarrosum;divinum),tenellum) 0.067 0.002 41
((divinum;squarrosum),lindbergii) 0.115 0.002 55
((squarrosum;divinum),lindbergii) 0.066 0.002 41
((platyphyllum;divinum),tenellum) 0.076 0.002 44
((platyphyllum;divinum),lindbergii) 0.078 0.002 45
((tenellum;riparium),squarrosum) 0.217 0.003 81
((lindbergii;riparium),squarrosum) 0.066 0.002 41
((riparium;squarrosum) lindbergii) 0.235 0.003| 85
((riparium;tenellum) lindbergii) 0.190 0.003 74
((tenellum;riparium),lindbergii) 0.214 0.003 80
((riparium;tenellum),fuscum) 0.190 0.003 74
((tenellum;riparium),fuscum) 0.214 0.003 80
((riparium;tenellum),platyphyllum) 0.189 0.003| 74
((tenellum;riparium),platyphyllum) 0.215 0.003 80
((lindbergii;riparium),fuscum) 0.064 0.002 41
((riparium;lindbergii),fuscum) 0.237 0.003 85
((lindbergii;riparium),platyphyllum) 0.066 0.002 41
((riparium;lindbergii), platyphyllum) 0.235 0.003| 85
((fuscum;squarrosum),tenellum) 0.146 0.002 64
((platyphyllum;squarrosum),tenellum) 0.075 0.002 44
((fuscum;squarrosum),lindbergii) 0.147 0.002 64
((platyphyllum;squarrosum),lindbergii) 0.077 0.002 44
((lindbergii;tenellum),fuscum) 0.064 0.002| 41
((tenellum;lindbergii),fuscum) 0.260 0.003 91
((lindbergii;tenellum),platyphyllum) 0.065 0.002 41
((tenellum;lindbergii), platyphyllum) 0.260 0.003 91
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Table S9. The QuIBL analysis results

The samples used in this analysis are listed in Table S1.
Discordant topologies with significant non-ILS component are shown in bold; triplets, for which the outgroup supported by the most trees is not
phylogenetically correct, are underlined

C1, C2: The time (in coalescent units) since two sister species became isolated from the third species for  triplet topology under the ILS-only and the
ILS+introgression distribution model, respectively;

mixprop1, mixprop2: The inferred mixing proroptions for the ILS+introgression and the ILS-only distribution mode, respectively;

lambda2Dist, lambda1Dist: The scaling factor to convert the input branch length unit into coalescent units for the ILS+introgression and the ILS-only
distribution model, respectively;

BIC1Dist, BIC2Dist: The Bayesian Information Criterion scores for the ILS-only and ILS+introgression model, respectively;

Count: The total number of trees supporting a triplet topology;

BICdiff: ABIC

totallntroProp: Proportion of trees arising via introgression;

isSig: Is the ILS+introgression model supported over the ILS-only model;

IsMostCommon: Is the topology supported by the most trees phylogenetically correct.

See the original publication (Edelman et al. 2019) for detailed information

lambd IsMostCom
No__[The triplet analyzed outgroup  |C1 |c2  |p1  |p2 |a2Dist |aiDist [BIC2Dist |BICIDi: mon air
[ 1lcapilifolium_divinum_fuscum capillfolium RUE[divinum_fuscum
[ 2lcapilifolium_divinum_fuscum divinum RUE [capilifolium_fuscum
[ 3lcapilifolium_divinum_fuscum fuscum RUE [capillfolium_divinum
[ 4lcapilifolium_divinum_subnitens capillfolium RUE[divinum_subnitens
[ Slcapilifolium_divinum_subnitens divinum RUE [capilifolium_subnitens
[ 6lcapilifolium_divinum_subnitens [subnitens Elcapillfolium_divinum
[ 7lcapilifolium_divinum_fimbriatum capillfolium RUE[divinum_fimbriatum
[ 8lcapilifolium_divinum_fimbriatum divinum Elcapillfolium_fimbriatum
[ 9lcapilifolium_divinum_fimbriatum fimbriatum RUE [capillfolium_divinum
[_10Jcapilifolium_divinum capillfolium Eldivinum_compactum
[ 11capilifolium_divinum divinum Elcapillfolium_compactum
[_12capilifolium_divinum [compactum RUE [capilifolium_divinum
[_13]capilifolium_divinum_flexuosum capilifolium | ¢ FALSE|divinum_flexuosum
[_14lcapilifolium_divinum_flexuosum divinum RUE capillfolium_flexuosum
[_15capilifolium_divinum_flexuosum flexuosum FALSE capilifolium_divinum
16]capilifolium_divinum_tenellum capillfolium FALSEdivinum_tenellum
17] jum_divinum_tenellum divinum RUE capillfolium_tenellum
jum_divinum_tenellum tenellum FALSE capilifolium_divinum
jum_divinum_lindbergii capillfolium FALSE[divinum_lindbergii
jum_divinum_lindbergi divinum RUE capillfolium_lindbergii
jum_divinum_lindbergi lindbergii FALSE capillfolium_divinum
jum_divinum_riparium capillfolium FALSE|divinum_riparium
jum_divinum_riparium divinum RUE capillfolium_riparium
jum_divinum_riparium riparium FALSE capilifolium_divinum
jum_divinum capillfolium FALSE[divinum_squarrosum
jum_divinum divinum FALSE [capillfolium_squarrosum
jum_divinum_ RUE [capillfolium_divinum
jum_divinum capillfolium 00 | RUE[divinum_j
jum_divinum divinum 0 RUE [capilifolium_platyphyllum
jum_divinum | platyphyllum 0 RUE [capilfolium_divinum
jum_fuscum_subnitens capilifolium 0 RUE ffuscum_subnitens
32]capillfolium_fuscum_subnitens fuscum 0 TRUE|capillfolium_subnitens
33[capilifolium_fuscum_subnitens subnitens | ¢ 00 | TRUE|capillfolium_fuscum
34lcapilifolium_fuscum_fimbriatum capillfolium 0] o TRUEfuscum_fimbriatum
35]capillfolium_fuscum_fimbriatum fuscum 0| o. TRUE|capillfolium_fimbriatum
36|capillfolium_fuscum_fimbriatum fimbriatum 0| o. 20,234 2231[fimbriatum TRUE|capillfolium_fuscum
37[capilifolium_fuscum_ (capillfolium 0] o 2,748 285 TRUE ffuscum_
38capillfolium_fuscum_ fuscum 0] o 821 286| ctum TRUE|capillfolium_¢
39capillfolium_fuscum_ 0| o. TRUE|capillfolium_fuscum
40[capillfolium_fuscum_flexuosum (capillfolium 0] 000 TRUE[fuscum_flexuosum
41[capillfolium_fuscum_flexuosum fuscum 0] 0.00 TRUE [capilifolium_flexuosum
42|capillfollum_fuscum_flexuosum flexuosum 194 043] 057] 0.00] 001 TRUE capillfolium_fuscum
43[capilifolium_fuscum_tenellum capilifolium 0] 450] 0.85] 0.15] 000] 000 TRUE|fuscum_tenellum
4[capillfolium_fuscum_tenellum fuscum 0] 369] 0.79] 0.21] 000] 000 TRUE|capillfolium_tenelium
45[capillfolium_fuscum_tenellum ftenelium 0| 194 041] 059] 0.00] 001 TRUE capillfolium_fuscum
46|capillfolium_fuscum_lindbergit (capillfolium 0| 374 085 0.45] 0.00] 000 TRUE ffuscum_lindbergit
47|capillfolium_fuscum_lindbergit fuscum 0| 371 080 0.20] 0.00] 000 TRUE|capillfolium_lindbergi
capilifolium_fuscum_lindbergii lindbergii o] 205] 037] 063] 000] 001 TRUE|capillfolium_fuscum
49[capillfolium_fuscum_riparium capillfolium of 392 082] 048] 0.00] 000 TRUE fuscum_riparium
50|capillfolium_fuscum_riparium fuscum 0| 366 083 0.7] 0.00] 000 TRUE capillfolium_riparium
jum_fuscum_riparium riparium 2. ¥ .62 0|0 RUE [capilifolium_fuscum
jum_fuscum capillfolium a. .17 0] o RUEfuscum_¢
jum_fuscum fuscum 4. 8 0] o RUE [capilfolium,
jum_fuscum_ 2. .62 0] o RUE [capilifolium_fuscum
jum_fuscum capillfolium 0|0 RUE [fuscum_platyphyllum
jum_fuscum 0] o RUE [capillfolium_platyphylium
jum_fuscum platyphyllum 0] o RUE [capilifolium_fuscum
jum_subnitens_fimbriatum capillfolium 0] o RUEsubnitens_fimbriatum
jum_subnitens_fimbriatum [subnitens 0] o Elcapillfolium_fimbriatum
jum_subnitens_fimbriatum fimbriatum 8 0] o Elcapillfolium_subnitens
jum_subnitens, capillfolium 0 0] o RUEsubnitens_compactum
jum_subnitens, [subnitens 4 0] 0. RUE [capilifolium_compactum
jum_subnitens, [compactum 0] o RUE [capilifolium_subnitens
jum_subnitens_flexuosum capillfolium 0] o Elsubnitens_flexuosum
jum_subnitens_flexuosum [subnitens 0] 0. Elcapillfolium_flexuosum
jum_subnitens_flexuosum flexuosum 55] 0. 0] 0. Elcapillfolium_subnitens
jum_subnitens_tenellum capillfolium 85| 0.1 0] 0. Elsubnitens_tenellum
jum_subnitens_tenellum [subnitens 5| 0.87] 0.1 0] o RUE [capilifolium_tenellum
jum_subnitens_tenellum tenellum 1] 055] 0.4 0] o Elcapillfolium_subnitens
jum_subnitens_lindbergii capillfolium 4] 086] 0.1 0] 0. Elsubnitens_lindbergii
jum_subnitens_lindbergii [subnitens 87] 0.1 0] 0. E|capillfolium_lindbergii
jum_subnitens_lindbergi lindbergii 47053 0] 0. Elcapillfolium_subnitens
jum_subnitens_riparium capillfolium .15 0] o Elsubnitens_riparium
jum_subnitens_riparium [subnitens .14 0] 0. Elcapillfolium_riparium
jum_subnitens_riparium riparium 0] 0. RUE [capilifolium_subnitens
jum_subnitens_ capillfolium ¥ 0] 0. RUE subnitens_:
jum_subnitens_ [subnitens 85 0] o RUE [capillfolium_
jum_subnitens, Y 0] 0. RUE [capilifolium_subnitens
jum_subnitens, capillfolium 1 0 RUEsubnitens_j
jum_subnitens, [subnitens 1 0 RUE [capilifolium_j
jum_subnitens | 2 0 RUE [capilifolium_subnitens
82[capillfolium_fimbriatum_ capillfolium 384] 085 01 0 TRUE]fimbriatum_t
83[capillfolium_fimbriatum fimbriatum 438] 088 01 0] o 518|compactum TRUE|capillfolium_compactum
84[capillfolium_fimbriatum_ [compactum 5| 057] 04 0] o . 2100| TRUE|capillfolium_fimbriatum
85[capillfolium_fimbriatum_flexuosum (capillfolium 7| 0.83] 0.1 0| o. . 5,281 547[lexuosum TRUE|fimbriatum_flexuosum
86[capillifolium_fimbriatum | imbri 18| 0.93| 0.07] 0.00] 0. 4,448 -4,423] _46ilflexuosum TRUE|capillifolium f
87|capillfolium_fimbriatum_flexuosum flexuosum 6 1 0] o -18,960] . 2187 flexuosum TRUE|capillfolium_fimbriatum
88[capillfolium_fimbriatum_tenellum [capillfolium 387 7 0] o . } 545ftenellum TRUE[fimbriatum_tenellum
89|capillfolium_fimbriatum_tenellum fimbriatum 4.8 0 0| o. 463ftenellum TRUE|capillfolium_tenellum
90|capillfolium_fimbriatum_tenelium ftenelium 230 32 0| o. 2187ffenellum TRUE|capillfolium_fimbriatum
9icapilifolium_fimbriatum_lindbergit (capillfolium 392 15 0] 0 564indbergi TRUE ffimbriatum_lindbergit
92]capillifolium_fimbriatum_lindbergit fimbriatum 473 11| 0.00] o 525]indbergi TRUE capillfolium_lindbergit
93capilifolium_fimbriatum_lindbergit findbergit 0| 209 058 0.42] 0.00] 0.00] -19,153 -19,213] 2106]indbergi TRUE|capillfolium_fimbriatum
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Sa[capillfolium_fimbriatum_riparium [Capillfolium O] 417] 086 014] 000 0.00] 5352 5378  5b3riparium 0.02[FALSE TRUE|fimbriatum_riparium
lium riparium i ¥ .92 0.08] 0.00] 0.00] -4,040]  -4,927 Ir RUE|capillifolium _riparium
96|capillfolium_fimbriatum_riparium friparium ¥ 1] 0.39] 0.1 0 ,127| _2136]riparium RUE|capillfolium_fimbriatum
97|capillfolium_fimbriatum capillfolium . 7] 0.13] 0.1 0 017 61 RUE|fimbriatum
98[capillfolium_fimbriatum fimbriatum .0 0 582[squarrosum RUE|capillfolium_squarrosum
99[capillfolium_fimbriatum squarrosum 0 1999]squarrosum RUE|capillfolium_fimbriatum
00|capillfolium_fimbriatum capilifolium 0 RUE|fimbriatum_platyphyllum
01capillfolium_fimbriatum [imbriatum 0 RUE|capillfolium
02|capillfolium_fimbriatum platyphyllum X 0 RUE|capillfolium_fimbriatum
03[capillfolium flexuosum ___|capilifolium .0 0 RUE|compactum_flexuosum
04lcapillfolium lexuosum .0 0 RUE|capillfolium_flexuosum
05capillfolium flexuosum ___[flexuosum X .0 0 RUE]capillfolium_compactum
um, tenellum capillfolium .3 2 .0 0 RUE|compactum_tenellum
um, tenellum 0 1 .0 0 RUE|capillfolium_tenellum
um, enellum ftenelium .7 4 .0 0 RUE]capillfolium_compactum
um, indbergii capillfolium 362 084] 016] 0. 0] FALSE|compactum_lindbergii
um, indbergii 1 8 .0 0 RUE|capillfolium_lindbergii
um; indbergii lindbergii 275] 083] ).C 0] FALSE capilifolium_compactum
um_ Tiparium capillfolium .4 83 .0 0 RUE|compactum_riparium
um, riparium 4 90 .0 0 RUE|capillfolium_riparium
um, riparium friparium .3 83 .0 0 RUE|capillfolium_compactum
um, capillfolium 388] 083 ).C 0] FALSE|compactum_squarrosum
um, 3| 087] 013] 0.0 0] FALSE capilifolium_squarrosum
um_ X squarrosum 9] 0.9 0 0 RUE capillfolium_
um, capillfolium 5| 0.8: .0 0 RUE|compactum_platyphyllum
um_ 7] o7 .0 0 RUE|capillfolium
um_ platyphyllum 1] 07 .0 1 lcompactum RUE]capillfolium_
um_flexuosum_tenellum capillfolium 4 0 1 capillfolium . 73[TRUE RUE[flexuosum_tenellum
Jium_flexuosum_tenellum [flexuosum 2 0 0 O1[FALSE RUE|capillfolium_tenellum
23[capillfolium_flexuosum_tenellum ftenellum .98 20| 0.1 0 X RUE|capillfolium_flexuosum
24lcapilfolium_flexuosum_lindbergii capillfolium 7 30| 0.0 0 RUE|flexuosum_lindbergii
25capilfolium_flexuosum_lindbergii [flexuosum 412 17 0.0 0 RUE capillfolium_lindbergii
illifoli lindbergii __|lindbergii 4| 0. .08 0.00] 0.00 RUE|capillifolium
127|capillfolium_flexuosum_riparium (capilifolium 207 3 7| 0.0 0 TRUE|flexuosum_riparium
128[capillfolium_flexuosum_riparium [flexuosum 4.03 0] 0.2 0 0 TRUE]capillfolium_riparium
129[capillifolium riparium __riparium 7.26] 092 0.08] 0.00] 0.00 TRUE|capillifolium
130|capillfolium_flexuosum (capillfolium 342] 081 01 0 0 TRUE|flexuosum_s
131|capillfolium_flexuosum_ [flexuosum 341] 081 0.1 0 0 1312[flexuosum TRUE|capillfolium_
132|capillfolium_flexuosum_ 503| 091 0.0 0 0 TRUE|capillfolium_flexuosum
133[capillfolium_flexuosum | capilifolium 73| 08 15[ 0.0 0 TRUE]flexuosum_
134|capillfolium_flexuosum | [flexuosum 09| 0.7 21| 0.0 0 1527[flexuosum TRUE[capillfolium |
135|capillfolium_flexuosum | 52| 069 031] 0.0 1 TRUE|capillfolium_flexuosum
136|capillfolium_tenellum_lindbergii (capillfolium 57| 071 029] 0.0 0 1674|capilifolium TRUE[tenellum_lindbergii
137|capillfolium_tenellum_lindbergii ftenelium o 380| 085 015 974|capillfolium TRUE|capillfolium_indbergi
138[capillifolium_tenellum_lindbergit lindbergit o 6.08] 091 0.09 547|capillifolium TRUE|capillifolium_tenellum
139|capillfolium_tenellum_riparium (capilifolium o 204] 053] 047 2205|capilifolium TRUE[tenellum_riparium
140|capillfolium_tenellum_riparium ftenelium O 336] 083 017 603[capillfolium TRUE|capillfolium_riparium
141lcapillifolium_tenellum _riparium riparium o 673] 092 0.08 387|capillifolium TRUE|capillifolium_tenellum
142|capillfolium_tenellum capillfolium o 359] 082 018 1250]tenelium TRUE[tenellum_squarrosum
143[capillfolium_tenellum_s ftenellum of 322] 080] 020 1313[tenellum TRUE[capillfolium_<
144|capillfolium_tenellum_s o 480| 090 010 632tenellum TRUE|capillfolium_tenellum
145|capillfolium_tenellum_platyphyllum (capillfolium o 384] 084 016 634ltenellum TRUE[tenellum_j
146|capillfolium_tenellum ftenelium o 291| 078 022 1523[tenellum TRUE|capillfolium
147|capillfolium_tenellum platyphyllum of 362] 069] 031 1038Jtenellum TRUE[capillfolium_tenellum
148[capillfolium_lindbergii_riparium capilifolium of 293] 075] 025 1727|capillfolium TRUE[indbergii_riparium
lindbergii_riparium lindbergit 3 .93 600|capillifolium RUE|capillifolium_riparium
um_lindbergii_riparium friparium . 4 868Jcapillfolium RUE|capillfolium_lindbergii
um_lindbergi lcapillfolium .81 ] 1273 FALSE indbergii_squarrosum
um_lindbergi lindbergii .82 1141flindbergi FALSE capilifolium_squarrosum
um_lindbergi squarrosum X 781lindbergi RUE]capillfolium_lindbergii
um_lindbergi capilifolium .83 653]lindbergi RUE]lindbergii_platyphyllum
um_lindbergi lindbergii .34 RUE|capillfolium
um_lindbergi platyphyllum .77 RUE]capillfolium_lindbergi
um_riparium capillfolium FALSE riparium_squarrosum
um_riparium friparium 3¢ FALSE capilifolium_squarrosum
um_riparium squarrosum 9 RUE]capillfolium_riparium
um_riparium capillfolium .8 RUE]riparium
um_riparium riparium 4 RUE|capillfolium
um_riparium platyphyllum RUE]capillfolium_riparium
um, capilifolium .29 RUEsquarrosum_platyphyllum
um, .24 .27 RUE|capillfolium
im_ .26 RUE|capillfolium
uscum_subnitens divinum . .54, RUE]fuscum_subnitens
uscum_subnitens ffuscum 4 4 RUE|divinum_subnitens
uscum_subnitens subnitens 5 0. RUE[divinum_fuscum
uscum_fimbriatum divinum 8| 0.4 RUE]fuscum_fimbriatum
uscum_fimbriatum [fuscum 7] 0. RUEdivinum_fimbriatum
71ldivinum_fuscum_fimbri imbri . 1] 0.0 RUE[divinum_fuscum
72|divinum_fuscum_ ivinum 456 9] oL RUE[fuscum_
73[divinum_fuscum_ [fuscum .35 4 RUE[divinum
74/divinum_fuscum 474 0 RUEdivinum_fuscum
75[divinum_fuscum_flexuosum divinum 47! 0 RUE|fuscum_flexuosum
76|divinum_fuscum _flexuosum [fuscum 3.26] 0.80] 020] ALSE|divinum_flexuosum
[ 177|divinum_fuscum_flexuosum [flexuosum 397] 084] 016]
178]divinum_fuscum_tenellum divinum 4 90
179]divinum_fuscum_tenellum fiuscum 082 |
[ 180[divinum_fuscum_tenellum ltenellum 0.85 |
181[divinum_fuscum_lindbergit ivinum 2
'182|divinum_fuscum_lindbergi [fuscum 1
183/divinum_fuscum_lindbergii lindbergil
184[divinum_fuscum_riparium ivinum
vinum_fuscum_riparium [fuscum
ivinum_fuscum_riparium fiparium
ivinum_fuscum divinum
vinum_fuscum [fuscum
189[divinum_fuscum_
190[divinum_fuscum ivinum ¥ 1371]dvinum X
191|divinum_fuscum [fuscum O 444] 086 014 689|divinum TRUE[divinum_|
192|divinum_fuscum o 365] 073 027 TRUE[divinum_fuscum
193{divinum_subnitens_fimbriatum divinum o 2.18] 060 040 2068[divinum TRUE|subnitens_fimbriatum
104{divinum_subnitens_fimbriatum subnitens o 429] 088 012 593[divinum TRUE|divinum_fimbriatum
95|divinum_subnitens_fimbriatum [imbriatum o 504] 090 010 534[divinum TRUE|divinum_subnitens
| _subnitens_ divinum o 483 091 009 944[subnit TRUE|subnitens ¢
197|divinum_subnitens, subnitens o 325] 084 016 1359]subnitens TRUE|divinum_compactum
| _subnitens_ of 431] 088] 0.12] o. TRUE[divinum_subnitens
199|divinum_subnitens_flexuosum divinum O 455] 090 0.10] o. 7116] _ -7.138] 724 TRUE|subnitens_flexuosum
200|divinum_subnitens_flexuosum subnitens 293| 078] 022| 000| 000| -11.740] -11.858) 12ablflexuosum FALSE|divinum_flexuosum
01{divinum_subnitens_flexuosum [flexuosum 89| 083] 017] 000] 000| -11.299] 11,350 1225[flexuosum FALSE|divinum_subnitens
202divinum_subnitens_tenellum divinum .0 0 7102 -7.119] _ 723ftenellum RUEsubnitens_tenellum
subnitens_tenellum subnitens | 000| -11839] 11,957 1257ftenellum FALSE|divinum_tenellum
subnitens_tenellum ftenellum [0 1215ltenellum FALSE|divinum_subnitens
subnitens_lindbergit divinum 8ad]lindbergii RUEsubnitens_lindbergit
subnitens_lindbergii subnitens 21| 0.00] 0.00] 1327]lindbergii FALSE[divinum_lindbergii
subnitens_lindbergii lindbergii .00] 0.00] 1024]lindbergii FALSE|divinum_subnitens
subnitens_riparium divinum 1 772|riparium RUE]subnitens_riparium
subnitens_riparium subnitens 25| 000 0.00] 1262]riparium FALSE|divinum_riparium
subnitens_riparium riparium 16| 000[ 000] -11.249 -11.326] 116d]riparium FALSE|divinum_subnitens
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inum_subnitens [divinum 3541 0.87] 0.1 FALSE[subnitens_squarrosum
subnitens subnitens 370 0.84] 01 FALSE|divinum_squarrosum
subnitens .92] 0.89] 0. RUE|divinum_subnitens
subnitens divinum 48] 075] 0. 1373 RUE|subnitens_platyphyllum
ubnitens [subnitens .56 0. 679 RUE|divinum_platyphyllum
ubnitens 0. 1143 RUE[divinum_subnitens
imbriatum divinum 0 921fimbriatum RUE fimbriatum_compactum
imbriatum fimbriatum 0.1 1335[fimbriatum RUE|divinum_compactum
imbriatum 0.1 939fimbriatum RUE|divinum_fimbriatum
imbriatum_flexuosum ivinum 0. 727flexuosum RUE fimbriatum_flexuosum
imbriatum_flexuosum fimbriatum 1248fflexuosum EALSE [divinum_flexuosum
imbriatum_flexuosum [flexuosum 1220[flexuosum FALSE [divinum_fimbriatum
imbriatum_tenellum ivinum 719]tenellum RUE|fimbriatum_tenellum
imbriatum_tenellum fimbriatum 1260/tenellum FALSE [divinum_tenellum
imbriatum_tenellum tenellum 1216]tenellum ALSE [divinum_fimbriatum
imbriatum_lindbergii divinum 851indbergii RUE|fimbriatum_lindbergii
imbriatum_lindbergii fimbriatum 1316]lindberqii FALSE]|divinum_lindbergit
imbriatum_lindbergii lindbergii 1028]lindbergii FALSE|divinum_fimbriatum
imbriatum_riparium ivinum 795]riparium RUE|fimbriatum_riparium
imbriatum_riparium fimbriatum 1258]riparium FALSE|divinum_riparium
imbriatum_riparium lriparium 1145]riparium FALSE|divinum_fimbriatum
imbriatum |divinum 111 inum FALSE |fimbriatum_squarrosum
imbriatum fimbriatum 1212ldivinum FALSE|divinum_squarrosum
imbriatum_s 867|divinum UE|divinum_fimbriatum
imbriatum divinum EE RUE[fimbriatum_platyphyllum
imbriatum fimbriatum 660/divinum RUE[divinum
imbriatum 1165[divinum RUE[divinum_fimbriatum
divinum 809[flexuosum TRUE|compactum _flexuosum
flexuosum 1018fflexuosum TRUE[divinum_flexuosum
flexuosum flexuosum 1368[flexuosum RUE[divinum_
[divinum ¢ enellum divinum 817]tenellum RUE _tenellum
X enellum 1023[tenellum RUE[divinum_tenellum
X enellum ftenelium 1355ftenellum RUELdivinum_
X _lindbergit divinum 950/lindbergit TRUE]| _lindbergii
X _lindbergi TRUE|divinum_lindbergit
X _lindbergi lindbergit 1181[indbergi TRUE|divinum ¢
247[divinum_ \_riparium divinum TRUE] \_riparium
X \_riparium TRUE|divinum_riparium
X \_riparium riparium TRUE]divinum ¢
250/divinum divinum TRUE|compactum_squarrosum
251[divinum_ K TRUE[divinum_
252{divinum_ X TRUE|divinum ¢
253[divinum_ X [divinum X TRUE|compactum_platyphyllum
I X | [ 0.00 TRUE[divinum,
255]divinum_ X 0| 0.00 TRUE]divinum ¢
256/divinum_flexuosum_tenellum divinum 0| 0.00 TRUE]flexuosum_tenellum
257|divinum_flexuosum_tenellum [flexuosum [ 0.00 TRUE[divinum_tenellum
258[divinum_flexuosum_tenellum ftenellum [ 0.00 TRUE]divinum_flexuosum
250(divinum_flexuosum_lindbergii [divinum [ 0.00 TRUE]flexuosum_lindbergit
\_flexuosum_lindbergii [flexuosum [ 0.00 TRUE|divinum_lindbergit
261/divinum {  lindbergii lindbergit [ 0.00 -7,070] __ 696/divinum 2] TRUE|divinum |
262{divinum_flexuosum_riparium [divinum [ 000 000] -19177] -19,105] 2096[divinum 72| 0.34[TRUE TRUE]flexuosum_riparium
263[divinum_flexuosum_riparium flexuosum [ 0.00] 000] -6.005] _-6,027] _647|divinum 0.04FALSE TRUE|divinum_riparium
264/divi riparium riparium [ 000 000| 4489 -4,441 _ 452/divinum 9 TRUE[divinum_flexuosum
265[divinum_flexuosum_: divinum [ 0.00[ 000| -10120] -10,218] 1032fflexuosum TRUEflexuosum_s
266(divinum_flexuosum flexuosum 00| -11.478] -11,545] _1234fflexuosum RUE|divinum_squarrosum
267|divinum_flexuosum 0] - 9,264 929]flexuosum RUE|divinum_flexuosum
268]divinum_flexuosum divinum 0] - 6,469 __661flexuosum RUE|flexuosum
269|divinum_flexuosum; flexuosum .00 01| 1072lflexuosum FALSE|divinum_platyphyllum
70[divinum_flexuosum; .00 2406 _1462]flexuosum \LSE[divinum_flexuosum
71]divinum_tenellum_lindbergii divinum ,204]_1476[divinum RUE[tenellum_lindbergii
72|divinum_tenellum_lindbergii tenellum ,532]_1013[divinum RUE[divinum_lindbergii
73|divinum_tenellum_lindbergi lindbergii 175709 RUE[divinum_tenellum
74]divinum_tenellum_riparium divinum RUE[tenellum_riparium
75|divinum_tenellum_riparium tenellum RUELdivinum_riparium
tenellum_riparium riparium TRUE[divinum_tenellum
77]divinum_tenel divinum TRUE|tenellum
78|divinum_tenellum ftenellum RUE[divinum
79]divinum_tenellum RUE[divinum_tenellum
280]divinum_tenellum divinum R ellum_platyphyllum
281|divinum_tenellum tenellum ) | F |divinum_platyphyllum
282|divinum_tenellu )75 | IZ inum_tenellum
283]divinum_lindbergii_riparium divinum 7 Ibergii_riparium
indbergi_fiparium lindbergit 89 num_riparium
ivinum_lindbergii_riparium riparium 88 inum_lindbergii
ivinum_lindber divinum .88 | | FALSE|lindbergii_squarrosum
ivinum_lindberg lindbergit 331[ 0.85] | FALSE|divinum_squarrosum
um_lindbergi 90 num_lindbergii
289|divinum_lindbergii divinum . .93
ivinum_lindbergii lindbergii 3.74] 087] FALSE|divinum_platyphyllum
ivinum_lindbergil 1.07|_ 0.77] F ivinum_lindbergit
inum_riparium divinum 7] 085 iparium_
ivinum_riparium_s riparium 4 5 ivinum_
_riparium_s 7 7
ivinum_riparium | divinum 1 0
inum_riparium ripari 119] 0.82] [ 9732 1001
ivinum_riparium 364] 0.75] 576 1478]
vinum ldivinum 3.59[ 086 [ o3[ oddld
45| 091 7,789
384| 077] |divinum_squarrosum
[fuscum 4.08 7 TRUE|subnitens_fimbriatum
[subnitens 395 6 707[fimbriatum TRUE[fuscum_fimbriatum
[fimbriatum 2.66 5 1778[fimbriatum TRUE[fuscum_subnitens
fuscum o 395] 083 | TRUE|subnitens_
[subnitens o 402] 084 TRUE]fuscum_
o 207] 048 TRUE[fuscum_subnitens
[fuscum o 368] 082 392]flexuosum TRUE|subnitens_flexuosum
[subnitens o 356] 083 322]flexuosum TRUE]fuscum_flexuosum
flexuosum o 215] 056 TRUE[fuscum_subnitens
K X [fuscum o 382] 083 396]tenellum TRUE|subnitens_tenellum
311ffuscum_subnitens_tenellum [subnitens o 375] 086 318ftenellum TRUE[fuscum_tenellum
312ffuscum_subnitens_tenellum ftenellum 0 219] 055 2481tenellum TRUE[fuscum_subnitens
313fuscum_subnitens_lindbergii fuscum o 393] 083 TRUE|subnitens_lindbergi
314ffuscum_subnitens_lindbergii [subnitens 0 _355] 079 TRUE[fuscum_lindbergii
315fuscum_subnitens_lindbergii lindbergit o 219] 047 TRUE[fuscum_subnitens
[ _subnitens_fiparium fuscum o 432] 088 TRUE|subnitens_riparium
317Jfuscum_subnitens_riparium [subnitens o 375] 084 TRUE]fuscum_riparium
318Jfuscum_subnitens_riparium riparium 0 _231] 050 TRUE[fuscum_subnitens
319|fuscum_subnitens fuscum o _438] 088 TRUE|subnitens
320fuscum_subnitens; [subnitens o 398] 084 TRUE]fuscum
321fuscum_subnitens; 14| 051] 0. RUE[fuscum_subnitens
322]fuscum_subnitens fuscum 52| 0.85] 0. RUE|subnitens_platyphyllum
323|fuscum_subnitens [subnitens 53] 088] 0. RUE[fuscum_platyphyllum
324[fuscum_subnitens_platyphyl 95| 0.77] 0. lplatyphyllum RUE[fuscum_subnitens
325(fuscum_fimbriatum fuscum 77| 0.90] 0. RUE[fimbriatum_compactum
326]fuscum_fimbriatum fimbriatum 98] 0.90] 0. [compactum RUE[fuscum_compactum
327]fuscum_fimbriatum 06| 058] 04 [compactum RUE[fuscum_fimbriatum




328fuscum_fimbriatum_flexuosum [fuscum O] 492] 089] 041] 0.00] 0.0 1] 002FALSE TRUE]fimbriatum_flexuosum
329 fuscum_fimbriatum_flexuosum fimbriatum ¥ 0] 0. 0 0| - [flexuosum 4 LSE RUE]fuscum_flexuosum
330fuscum_fimbriatum_flexuosum flexuosum ¥ 7 .0 0| -1 RUE]fuscum_fimbriatum
1fuscum_fimbriatum_tenellum uscum .0 o - 578ltenellum 12| RUE|fimbriatum_tenellum
332fuscum_fimbriatum_tenellum imbriatum .0 0 443ltenellum -5 RUE[fuscum_tenellum
333fuscum_fimbriatum_tenellum enellum 0 ftenellum RUE]fuscum_fimbriatum
334fuscum_fimbriatum_lindbergii uscum 0 RUE]fimbriatum_lindbergii
335(tuscum_fimbriatum_lindbergii imbriatum 0 RUE]fuscum_lindbergii
336fuscum_fimbriatum_lindbergii indbergii X 0 RUE]fuscum_fimbriatum
337]fuscum_fimbriatum_riparium fuscum .83 .0 0 RUE[fimbriatum_riparium
338 i riparium i .00 0.00 RUE|fuscum_riparium
imbriatum_riparium riparium .0 0 RUE]fuscum_fimbriatum
imbriatum fuscum .0 0 RUE|fimbriatum
imbriatum [imbriatum .0 0 RUE]fuscum
imbriatum .0 0 RUE]fuscum_fimbriatum
imbriatum fuscum .0 0 RUE|fimbriatum_platyphyllum
[ 3a4ffuscum_fimbri imbri .90 .00 0.00 RUE|fuscum_platyphyllum
[ 345]tuscum_fimbriatum 4 .0 0 RUE]fuscum_fimbriatum
346ffuscum_¢ flexuosum [fuscum .0 0 RUE| \_flexuosum
[ 347Jfuscum lexuosum .0 0 RUE[fuscum_flexuosum
[ 348iuscum lexuosum flexuosum .0 0 RUE]fuscum_compactum
349]fuscum_¢ enellum [fuscum 0 0 RUE| _tenellum
350]fuscum_¢ enellum .0 0 RUE[fuscum_tenellum
351 ffuscum_¢ enellum ftenellum 0 0 RUE[fuscum_
352]fuscum indbergii [fuscum 0.85] 015 0.00 0.00] FALSE|compactum_lindbergii
353]fuscum ¢ indbergii 90 .0 0 RUE|fuscum_lindbergii
354]fuscum indbergii lindbergii .83 | 0.00| 0.00] FALSE[fuscum_compactum
355ffuscum_¢ _riparium ffuscum 0 0 RUE| _riparium
356fuscum_¢ _riparium 0 0 RUE]fuscum_riparium
357]fuscum_¢ riparium friparium 17]_ 0.0 0 RUE[fuscum_
358]fuscum [fuscum .16 | 0| FALSE |compactum_squarrosum
uscum [ 089] o11] 000| 000] FALSE|fuscum_squarrosum
360ffuscum_¢ X 89] 0.11] 00 0 RUE[fuscum_
36 ffuscum_ X ffuscum 84] 016] 00 0 TRUE]
362[fuscum_¢ 72| 028] 00 0 TRUE[fuscum_j
363ffuscum_¢ X 73] 027] 00 1 TRUE[fuscum_
364ffuscum_flexuosum_tenellum [fuscum 19 1] 00! 1 ffuscum TRUE]flexuosum_tenellum
365fuscum_flexuosum_tenellum [flexuosum 2 77 3] 0.0 0 ffuscum TRUE[fuscum_tenellum
366 fuscum_flexuosum_tenellum ftenelium 4 80| 020] 00 0 TRUE|fuscum_flexuosum
367 fuscum_flexuosum_lindbergii [fuscum 271 071] 029] 00 0 TRUE]flexuosum_lindbergit
368fuscum_flexuosum_lindbergii [flexuosum 384] 081] 019] 0.0 0 TRUEfuscum_lindbergit
369]fuscum _lindbergii lindbergii 663 093] 0.07] 0.00] 0.00 TRUE[fuscum {
370ffuscum_flexuosum_riparium [fuscum 216] 054| 046] 0.0 0 TRUE|flexuosum_riparium
371 ffuscum_flexuosum_riparium [flexuosum O 406] 079 021] 0.00] 0.00 TRUE|fuscum_riparium
372ffuscum { \_riparium riparium o 712] 093] 0.07] 0.00] 0.00 TRUE[fuscum {
373ffuscum_flexuosum ffuscum of 345] 081] 019] 0.00] 000 TRUE[flexuosum_
374ffuscum_flexuosum_ [flexuosum o] 333] 080 020 0.00] 0.0 TRUE|fuscum_
375 fuscum | X o 532] 089 011] 0.00 TRUE|fuscum |
376 fuscum_flexuosum [fuscum o 48] 088 02| 0.00 6.147] TRUE[flexuosum
377|fuscum_flexuosum [flexuosum o 322| 080] 0.20] 0.00 -13,764] _1536|flexuosum TRUEJfuscum |
378fuscum_flexuosum | O] 360| 070 030 0.00 -8,604] _1026|flexuosum TRUE|fuscum_flexuosum
379 fuscum_tenellum_lindbergit [fuscum o 288| 072 028] 0.00 TRUE[tenellum_findbergii
380fuscum_tenellum_lindbergit ftenelium o 381] 085 015 0.00 TRUE|fuscum_lindbergii
381/fuscum_tenellum_lindbergii lindbergii of 6.00] 092] 0.08] 0.00 TRUE[fuscum_tenellum
_tenellum_riparium [fuscum of 222] 055] 045 0.00 TRUE[tenellum_riparium
383(fuscum_tenellum_riparium ftenelium .18 RUE[fuscum_riparium
384ffuscum_tenellum_riparium riparium 15 RUE|fuscum_tenellum
385iuscum_tenellum [fuscum .47 RUE]tenellum
386fuscum_tenellum tenellum 14 X RUE]fuscum
387/fuscum_tenellum .27]_o0. .0 RUE|fuscum_tenellum
388fuscum_tenellum [fuscum . .0 RUE{tenellum_platyphyllum
389fuscum_tenellum ftenellum X 7 .0 RUE]fuscum_platyphyllum
390]tuscum_tenellu .0 RUE|fuscum_tenellum
91fuscum_lindbergi_riparium [fuscum .0 RUE]lindbergii_riparium
392lfuscum_lindbergii_riparium lindbergii 6 601fuscum RUE]fuscum_riparium
indbergii_riparium riparium 1 4 873[fuscum RUE]fuscum_lindbergii
394ffuscum_lindberg; fuscum 368] 0.83[ 0.47] 0.00] 1288]lindberqi FALSE lindbergii_squarrosum
395/fuscum_indberg; lindbergii 1] 081 019] 000] 1142]lindbergii EALSE[fuscum_squarrosum
396fuscum_lindbergii 82| 0.92 X 768llindbergii TRUE|fuscum_lindbergii
397]fuscum_lindbergii fuscum 20| 0.8 .0 657]lindbergii RUE[lindbergii_platyphyllum
398[fuscum_lindbergii lindbergii 02| 0.6 .0 1419]lindbergii RUE|fuscum_platyphyllum
399]fuscum_lindbergii 7 0 1119]indbergii RUE|fuscum_lindbergii
400ffuscum_riparium [fuscum 8 8| 0.00] 1285lriparium FALSE riparium_squarrosum
401 fuscum_riparium friparium .80 | 0.00] 0.00] 1244]riparium EALSE[fuscum_squarrosum
202ffuscum_riparium 9 .00 0.00 666]riparium TRUEfuscum_riparium
403lfuscum_riparium_ [fuscum . 8 .0 0 659]riparium RUE]riparium
404fuscum_riparium_ riparium T 7 .0 0 1480]riparium RUE|fuscum_platyphyllum
405uscum_riparium_ 7 0 1 1056]riparium RUE|fuscum_riparium
406fuscum_s X [fuscum 4.58 8 0 0 716]; RUE] X
[ 407fuscum_s squarrosum 2.3 75 0 0 1268 RUE|fuscum_platyphyllum
08]fuscum_ X 3.7 74 0 1 1211] RUE[fuscum_
[ 409 s_fimbriatum_ [subnitens 4.8 9 0 0 587] "RUE[fimbriatum_
410/subnitens_fimbriatum_ [imbriatum 5.2 1 o 0 RUE subnitens_
411|subnitens_fimbriatum_ 1. 7 4 0 0 TRUE|subnitens_fimbriatum
2 itens_fimbriatum_flexuosum [subnitens 4 ¥ 0 0 TRUE[fimbriatum_flexuosum
413]subnitens_fimbriatum_flexuosum fimbriatum 4 10| 0.1 0 TRUE|subnitens_flexuosum
414]subnitens_fimbriatum_flexuosum [flexuosum 2 2] 0.0 0 TRUE|subnitens_fimbriatum
415]subnitens_fimbriatum_tenellum [subnitens 4 2] 0.0 0 544ftenellum TRUEfimbriatum_tenellum
416 5_fimbriatum_tenellum [imbriatum 5. .10 0 0 476tenellum TRUE|subnitens_tenellum
417]subnitens_fimbriatum_tenellum ftenelium 235 7| 0.33] 0.1 0 TRUE|subnitens_fimbriatum
418subnitens_fimbriatum_lindbergii [subnitens 3.99 6] 0.14] 0.0 0 TRUE]fimbriatum_lindbergii
419]subnitens_fimbriatum_lindbergit [fimbriatum 471 0| 010] 0.0 0 TRUE|subnitens_lindbergii
420/subnitens_fimbriatum_lindbergit lindbergit 217 7| 0.43] 0.1 0 TRUE|subnitens_fimbriatum
421 [subnitens_fimbriatum_riparium subnitens o 460] 088 0.00 TRUE|fimbriatum_riparium
422[subnitens_fimbriatum_riparium [fimbriatum o 4.93] 0.89 0.00 TRUE|subnitens_riparium
423[subnitens_fimbriatum_riparium friparium o 235] 061 0.00 TRUE|subnitens_fimbriatum
| _fimbriatum_ subnitens o 440] 090 0.00 TRUE[fimbriatum_s
425(subnitens_fimbriatum_ [imbriatum o 491] 090 0.00 TRUE]subnitens <
426]subnitens_fimbriatum_ o 222] 065 0.00 TRUE|subnitens_fimbriatum
427]subnitens_fimbriatum | [subnitens o 4.26] 0.89 0.00 TRUE]fimbriatum |
428subnitens_fimbriatum [imbriatum o 488] 090 TRUE]subnitens |
429subnitens_fimbriatum o 391] 083 TRUE|subnitens_fimbriatum
430subnitens_ _flexuosum subnitens o 384] 085 TRUE| \_flexuosum
231]subniten flexuosum o 453] 089 TRUE|subnitens_flexuosum
| X _flexuosum [flexuosum of 392] 085 TRUE]subnitens_
33[subnitens_¢ _tenellum subnitens o 385] 084 TRUE| \_tenellum
| X _tenellum o 442] 089 tenellur TRUE|subnitens_tenellum
435(subnitens tenellum ftenelium o 367] 085 ftenelium TRUE|subnitens_compactum
436[subnitens lindbergi subnitens o 369[ 084 lindbergii EALSE|compactum_lindbergii
437subnitens_ _lindbergii of 458] 090 TRUE|subnitens_lindbergii
ftens findberii lindbergii )82 FALSE|subnitens_compactum
nitens riparium subnitens RUE|compactum_riparium
ten: riparium RUE]subnitens_riparium
iten? riparium riparium RUE|subniten:
tens subnitens FALSE|compactum_squarrosum
nitens FALSE|subnitens_squarrosum
RUE]subniten:




445subnitens_ X [Subnitens O] 439] 086] 014] 0.00] 0.00 TRUE] X
I .30 7 .0 0 RUE[subnitens_platyphyllum
tens .81]_0.7: .0 1 RUE]subnitens_compactum
itens_flexuosum_tenellum subnitens .90] 0.1 .0 1 RUE[flexuosum_tenellum
tens_flexuosum_tenellum [flexuosum 27|08 .0 0 RUEsubnitens_tenellum
itens_flexuosum_tenellum ftenellum .09] 0.8 0 RUE]subnitens_flexuosum
tens_flexuosum_lindbergii subnitens 88| 0.7: 0 RUE[flexuosum_lindbergit
tens_flexuosum_lindbergi [flexuosum 17 0 RUE|subnitens_lindbergii
itens lindbergii lindbergii X .00 RUE|subnitens
tens_flexuosum_riparium subnitens .0 0 RUE[flexuosum_riparium
itens_flexuosum_riparium [flexuosum .0 0 RUE|subnitens_riparium
itens riparium riparium .93 .00| 0.00 RUE|subnitens_flexuosum
itens_flexuosum subnitens 0 .0 0 RUE|flexuosum
itens_flexuosum, [flexuosum 0 .0 0 RUE[subniten:
tens_flexuosum, . .0 0 RUE]subnitens_flexuosum
itens_flexuosum subnitens .14 .0 0 RUE]flexuosum
itens_flexuosum flexuosum .99 .0 0 RUE]subnitens_platyphyllum
itens_flexuosum, 59 .0 1 RUE]subnitens_flexuosum
itens_tenellum_lindbergii subnitens 7 .0 0 RUE[tenellum_lindbergii
tenellum_lindbergii tenellum ¥ 86 .0 0 RUE]subnitens_lindbergi
465/subnitens_tenellum_lindbergii lindbergii .90| 092 .00| 0.00 RUE|subnitens_tenellum
466subnitens_tenellum_riparium subnitens 1 55| 0.45] 0.0 0 RUE]tenellum_riparium
467]subnitens_tenellum_riparium ftenellum .0 .0 0 RUE]subnitens_riparium
[ 68Jsubnitens_tenellum_riparium riparium .92 .00 0.00 RUE|subnitens_tenellum
[ 469|subnitens_tenellum subnitens .58 .0 0 RUE[tenellum
70[subnitens_tenellum ftenellum .12 .0 0 RUE]subnitens_s
71[subnitens_tenellum 17|09 0 0 RUE]subnitens_tenellum
7: itens_tenellum_ subnitens 9] 08 0 0 619]tenel RUE[tenellum |
73[subnitens_tenellum | ftenellum 9] 07 0 0 1528tenel RUE]subnitens |
itens_tenellum 53] 0.7 0 1 RUEsubnitens_tenellum
indbergii_riparium subnitens 4] 0.7 0 0 RUE]lindbergii_riparium
indbergii_riparium lindbergii 9] 092 0 0 RUE]subnitens_riparium
77 subnitens_lindbergii_riparium riparium 5] 0.85 o 0 RUE|subnitens_lindbergit
478[subnitens_lindbergil ni 371| 083 017] 0.00] 000] EALSE|indbergii_squarrosum
479subnitens_lindbergii lindbergii 2.98| 081 .00 0.00] FALSE|subnitens_squarrosum
480/subnitens_lindbergii 72| 0.92 .00 0.00 TRUE|subnitens_lindbergii
481 subnitens_lindbergii_j [subnitens 36| 088 0 0 TRUE[lindbergii_|
482[subnitens_lindbergii_| lindbergii 208] 067] 033 0.0 0 TRUE]subnitens_|
483]subnitens_lindbergii_j 371 29| 0.0 1 TRUE|subnitens_lindbergii
484/subnitens_riparium, niten: 3.64 0.19] 0.00| 0.00] FALSE|riparium_squarrosum
485[subnitens_riparium lriparium 314 0.21] 000] 0.00] EALSE|subnitens_squarrosum
486]subnitens_riparium_: 12 .10[ 0.00 0 TRUE|subnitens_riparium
487]subnitens_riparium_ subnitens %5 14| 0.00 0 TRUE[riparium |
48B]subnitens_riparium_ riparium 0| 250] 069 031] 0.00] 0.00 TRUE|subnitens,
489]subnitens_riparium_ o 362] 070] 030 0.00] 001 TRUE|subnitens_riparium
490]subnitens_ X subnitens of 397] 086] 0.14] 0.00] 000 TRUE| X
491 /subnitens s X O 2.36] 0.74] 0.26] 0.00] 0.00 TRUE]subnitens |
492]subnitens O 389] 075 025 0.00] 001 TRUE|subnitens_¢
493(fimbriatum flexuosum [fimbriatum o 408| 088 012] 0.00] 0.00 TRUE|compactum_flexuosum
X _flexuosum o 382] 087 013] 000 000 TRUE]fimbriatum_flexuosum
495 ffimbriatum_ flexuosum [flexuosum O 404| 086 0.14] 0.00] 0.00 T247[flexuosum TRUE|fimbriatum_
496 fimbriatum_ \_tenellum [imbriatum O 405| 086 0.14] 0.00] 0.00 Ti64] TRUE| \_tenellum
i tenellum .74 87 .0 0 RUE[fimbriatum_tenellum
enellum ftenellum 77| 0.85 .0 0 RUE|fimbriatum_compactum
indbergii [imbriatum 382| 086 014] 0.00] 000] EALSE|compactum_lindbergii
indbergii 9. 0 RUE]fimbriatum_lindbergii
indbergii lindbergii 74| 084 016/ 0.00] 000] EALSE]fimbriatum_compactum
riparium [imbriatum 0 RUE|compactum_riparium
riparium E X 0 RUE[fimbriatum_riparium
riparium riparium .24 .0 0 RUE{fimbriatum_compactum
[imbriatum .43 .0 0 RUE|compactum_squarrosum
.87 .0 0 RUE|fimbriatum
.82 .0 0 RUE|fimbriatum_compactum
[imbriatum 69 .0 0 RUE|compactum_platyphyllum
27 .0 0 RUE|fimbriatum_platyphyllum
X .0 1 RUE|fimbriatum_compactum
lexuosum_tenellum fimbriatum 9 .0 1 RUE]flexuosum_tenellum
lexuosum_tenellum [flexuosum 1. .0 0 RUE|fimbriatum_tenellum
lexuosum_tenellum nellum 7 .0 0 RUE|fimbriatum_flexuosum
lexuosum_lindbergii mbriatum 4 .0 0 RUE|flexuosum_lindbergii
515[imbriatum_flexuosum_lindbergii lexuosum 7 .0 0 RUE]fimbriatum_lindbergi
ffimbriatum lindbergii ndbergii .92 .00 0.00 RUE]fimbriatum
iatum_flexuosum_riparium mbriatum X 54| _0.46] 0.0 0 RUE flexuosum_riparium
iatum_flexuosum_riparium lexuosum 7] 082 0 0 RUE]fimbriatum_riparium
iatum riparium riparium 38| 092 .00| 0.00 RUE]fimbriatum
jatum_flexuosum fimbriatum .47 4 .0 0 RUE|flexuosum
jatum_flexuosum_: [flexuosum .42 2 .0 0 RUE[fimbriatum
jatum_flexuosum_: 4.92 8 0 0 RUE[fimbriatum_flexuosum
jatum_flexuosum_j fimbriatum 2 2 0 0 RUE]flexuosum_j
lexuosum [flexuosum 0 0 RUE[fimbriatum
jatum_flexuosum_j 1 RUE[fimbriatum_flexuosum
jatum_tenellum_lindbergii fimbriatum 7 0 RUE[tenellum_lindbergii
jatum_tenellum_lindbergit ftenelium 0 958[fimbriatum RUE]fimbriatum_lindbergii
528[fimbriatum_tenellum_lindbergii lindbergit .00 577fimbri TRUEfimbriatum_tenellum
529fimbriatum_tenellum_riparium fimbriatum 0 2208[fimbriatum TRUE[tenellum_riparium
530fimbriatum_tenellum_riparium ftenellum 0 0 TRUE[fimbriatum_riparium
531fimbriatum_tenellum_riparium riparium .00] 0.00 TRUE[fimbriatum_tenellum
532[fimbriatum_tenellum _ [fimbriatum o 0 TRUE]tenellum
533fimbriatum_tenellum_ ftenelium 0 0 TRUE[fimbriatum_s
I _tenellum_s 0 0 TRUE|fimbriatum_tenellum
535fimbriatum_tenellum | [imbriatum o 0 TRUE]tenellum
536 fimbriatum_tenellum fteneflum o 0 TRUEfimbriatum |
537 fimbriatum_tenellum_ 0 1 TRUE|fimbriatum_tenellum
538 fimbriatum_lindbergii_riparium [fimbriatum 0| 0.00] 000 TRUE[indbergii_riparium
lindbergit .00] 0.00 TRUEfimbriatum_riparium
um_lindbergii_riparium riparium o 0 TRUE]fimbriatum_lindbergii
um_lindbergi [fimbriatum 0.00| 0.00] FALSE]lindbergii_squarrosum
um_lindbergi lindbergii 0.00[ 0.00] FALSE]fimbriatum_squarrosum
um_lindbergi_ 0 0 TRUE[fimbriatum_lindbergit
_lindbergi [fimbriatum 0] X TRUElindbergit
545 fimbriatum_lindbergii lindbergii 0] 1413]lindber 0.13[FALSE TRUE|fimbriatum_j
546 fimbriatum_lindbergii 0] 1140]indbergit 2| 0.10[FALSE TRUE|fimbriatum_lindbergit
547 q 1254 100 0.07] FALSE]riparium_squarrosum
‘548[fimbriatum_riparium friparium q FALSE]fimbriatum_squarrosum
549]fimbriatum_riparium_s [ TRUE[fimbriatum_riparium
550 fimbriatum_riparium_platyphylium [imbriatum 0] TRUE[riparium_platyphyllum
551 ffimbriatum_riparium_platyphylium friparium 0] TRUE|fimbriatum_j
552[fimbriatum_riparium q] TRUE]fimbriatum_riparium
553fimbriatum fimbriatum [ TRUE|squarrosum_platyphyllum
X X 0 TRUE[fimbriatum_
555 fimbriatum RUE|fimbriatum
556] lexuosum_tenellum RUE]flexuosum_tenellum
55 lexuosum_tenellum flexuosum RUE|compactum_tenellum
558 lexuosum_tenellum ftenellum RUE|compactum_flexuosum
559 lexuosum_lindbergii RUE[flexuosum_lindbergit
560) lexuosum_lindbergii flexuosum RUE|compactum_lindbergii
561 _lindbergii___Jlindbergii RUE|compactum_flexuosum




562 _flexuosum_riparium O] 2.07] 046] 054 0.00] 0.00] -19.277] - ¥ TRUE|flexuosum_riparium
563 flexuosum_riparium [flexuosum 413| 081 019] 0.0 0 RUE]|compactum_riparium
56: riparium riparium 6.95| 093] 0.07] 0.00] 0.00 RUE|compactum_flexuosum
565 lexuosum 3.00 .0 0 RUE]flexuosum
566 lexuosum [flexuosum .99 .0 0 RUE|compactum_squarrosum
567, lexuosum 68 0 RUE|compactum_flexuosum
568 lexuosum 77 0 RUE]flexuosum
569 lexuosum [flexuosum 1.00| 084] 016] 000] 000] FALSE|compactum_platyphyllum
579 lexuosum 3.76] 076 0.24] 000] 001] FALSE|compactum_flexuosum
57 tenellum_lindbergit 2 .0 0 RUE[tenellum_lindbergii
tenellum_lindbergii ftenellum . .87 .0 0 RUE|compactum_lindbergii
tenellum_lindbergii lindbergii ¥ 0 .0 0 RUE|compactum_tenellum
57 tenellum_riparium 6 .0 0 RUE[tenellum_riparium
tenellum_riparium ftenellum 5 .0 0 RUE riparium
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7 enellum . 7|00 0 RUE]tenellum
enellum tenellum ¥ X 4] 0.0 0 RUE|compactum_squarrosum
enellum 0 0 RUE] tenellum
580 enellum X .0 0 RUE[tenellum_platyphyllum
581 enellum tenellum 84| 0.16] 0.00] FALSE|compactum_platyphyllum
582| nellum 3| 075 0.5] .01 FALSE|compactum_tenellum
583 indbergii_riparium 47| 0.73 0 RUE lindbergii_riparium
indbergii_riparium lindbergii 15[ 0.92 0 RUE] riparium
585, indbergii_riparium riparium 53 0 RUE|compactum_lindbergii
586 indbergi .78 | 0.87 .13 | .00 FALSElindbergii_squarrosum
581 indberg lindbergii 2.81] 085 015] 0.00] FALSE|compactum_squarrosum
588 indberg 84 0 RUE|compactum_lindbergii
589) indberg 491] 0. 0 RUE[lindbergii
590 indbergi lindbergii 310| 0.85] 015] 0.00] FALSE|compactum_platyphylium
591 indbergii 4] 0.77] 1 SE|compactum_lindbergii
592| riparium .84 SE|riparium_squarrosum
593 riparium [tiparium .82 Al s
\_riparium_ 86| 0.1 0 UE| \_riparium
595 _riparium_j 4.66 1 0 TRUEriparium_j
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603flexuosum_tenellum_lindbergit lindbergit 1 19| 0.8 1 TRUE]flexuosum_tenellum
604 \_tenellum_riparium [flexuosum 435] 088 012 0 TRUE|tenellum_riparium
605 flexuosum_tenellum_riparium ftenelium o 517] 086 014 0.00 TRUE|flexuosum_riparium
606flexuosum_tenellum_riparium riparium o 179] 028] o072 0.01 TRUE]flexuosum_tenellum
607]flexuosum_tenellum_¢ flexuosum of 491] 089 oi1 000] - , TRUE]tenellum
608flexuosum_tenellum_s ftenelium o 485| 083 017 0.00] - 1. X TRUE|flexuosum_s
609flexuosum_tenellum_s o 195] 018 082 0.01 X TRUE[flexuosum_tenellum
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611[flexuosum_tenellum_j ftenellum o 447| 083] 017 0.00 1,252 § TRUE[flexuosum_j
612{flexuosum_tenellum_ o 147] 030] 070 0.01 - 063 TRUE[flexuosum_tenellum
613(flexuosum_lindbergii_riparium [flexuosum o 3.76] 082 018 0.00 05 TRUE[indbergii_riparium
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617 flexuosum_lindbergii lindbergit ¥ .89 RUE|flexuosum
618]flexuosum_lindbergii ¥ 78 RUE|flexuosum_lindbergii
619]flexuosum_lindbergii [flexuosum X 81 X RUE]lindbergii_platyphyllum
620]flexuosum _lindbergii lindbergii . .93 500]platyphyllum X RUE|flexuosum_platyphyllum
621 [flexuosum_lindbergii 319]platyphyllum . RUE{flexuosum_lindbergii
622[flexuosum_riparium [flexuosum X X 91] RUE[riparium
623]flexuosum _riparium riparium X .94 RUE|flexuosum
Tiparium . 4 RUE[flexuosum_riparium
625(flexuosum_riparium [flexuosum 3 RUE riparium
626]flexuosum _riparium riparium . .92 RUE|flexuosum_platyphyllum
627]flexuosum_riparium . 77 RUE[flexuosum_riparium
628flexuosum flexuosum .81 019] 0.00] 0C EALSE|squarrosum_platyphyllum
629]flexuosum .94 TRUE[flexuosum_platyphyllum
630[flexuosu 79| 0.21] 0.00] 0C SEflexuosum_squarrosum
631 ltenellum_lindbergii_riparium tenellum .0 RUE]lindbergii_riparium
632ltenellum_lindbergii_riparium lindbergii .0 RUE{tenellum_riparium
633ltenellum_lindbergii_riparium riparium .0 RUE[tenellum_lindbergii
indberg ftenellum . X 0 RUE]lindbergii_s
635(tenellum_lindberg lindbergii .92 0 RUE[tenellum_
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637tenellum_lindbergii ftenellum ¥ X .0 RUE]lindbergii
lum_lindbergii lindbergii 6 .0 RUE]tenellum
jum_lindbergii | 7 0 RUE[tenellum_lindbergii
lum_riparium_¢ ltenellum 4 0 "RUE|riparium_¢
jum_riparium sum riparium 4 .06] 0.0 RUE[tenellum
jum_riparium_ 8 3| 0.47] 00! RUE[tenellum_riparium
riparium_ ftenellum 9 1] 0.1 0 RUE[riparium |
J riparium riparium 1 2 .0 .0 RUE[tenellum
["645}tenelium_riparium_j 10 7 2] 0 TRUE|tenellum_riparium
[646enellum ltenellum 3.32| 0.83] 017] 0.00] 00 X FALSE|squarrosum_platyphyllum
547 tenellum .96 92| 0.0 .0 . TRUE[tenellum
["648ltenellum, 387| 079] 021] 000] 04 FALSE|tenellum_squarrosum
[ 649]iindbergii_riparium _ lindbergit 24] 0.92] 008] 0.0 TRUEriparium_s
650]indbergi_riparium_ riparium 43| 0.86] 014 00 TRUE[indbergi_s
651 indbergii_riparium_ 291] 079 02 0 TRUE[indbergii_riparium
652]indbergii_riparium | lindbergit 539] 092] 0.0 o TRUEriparium_j
653indbergi_riparium | friparium 311] 0.85] 0.1 o TRUElindbergii_|
| L_riparium_j 401| 082 01 0 TRUE[indbergii_riparium
655]indbergi lindbergii 283 081 019] 0.00] 0C FALSE|squarrosum_platyphyllum
656lindbergii : X .66 0.92] 0.08] 0.0 TRUE]lindbergii_|
657[lindbergii 1.09| 080 0.20] 0.00] EALSE|indbergii m
658]riparium iparium 289 0.77] 023] FALSE|squarrosum_platyphyllum
659]riparium .06 093] 0.07 X -6,241] X TRUE[riparium |
0 384 079] 021] 001 -12.792] -12.852] 1507|riparium 60| 0.10[FALSE FALSE|riparium_squarrosum
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Table S10. Average total introgression proportion per species pair

in the QuIBL analysis

Mean total non-

Pair ILS proportion
capillifolium,flexuosum 0.011
capillifolium,riparium 0.013
capillifolium,tenellum 0.012
compactum,flexuosum 0.014
compactum,lindbergii 0.024
compactum,squarrosum 0.022
compactum,tenellum 0.009
divinum,flexuosum 0.013
divinum,fuscum 0.015
divinum,tenellum 0.009
fimbriatum, flexuosum 0.012
fimbriatum,riparium 0.015
fimbriatum,tenellum 0.012
flexuosum,platyphyllum 0.010
flexuosum,squarrosum 0.009
fuscum,flexuosum 0.014
fuscum,lindbergii 0.019
platyphyllum,fuscum 0.018
fuscum,riparium 0.016
fuscum,tenellum 0.014
lindbergii,platyphyllum 0.017
riparium,platyphyllum 0.014
subnitens, flexuosum 0.012
subnitens, lindbergii 0.019
subnitens,tenellum 0.011
tenellum,platyphyllum 0.013
tenellum,squarrosum 0.010

Table S11. Summary statistics for trees used in the QuIBL analysis

Upper Lower
Quantile | Quartile | Coefficient | Sample
Parameter Mean |Median| SD SE Minimum | Maximum 75% 25% of Variation| size
Number of distinct site patterns 526 492 191 3 152 1,058 671 364 0.36 3195
Number of parsimony informative sites | 36 35 10 0 10 83 42 29 0.28 3195
Number of singleton sites 131 131 22 0 32 203 145 118 0.17 3195
Number of constant sites 1,833 | 1,833 27 0 1,743 1,953 1,849 1,816 0.01 3195
CAIC 7,944 18,056 | 582 10 2,780 9,397 8,293 7,744 0.07 3195
AIC 7,943 8,055 | 582 10 2,779 9,396 8,292 7,743 0.07 3195
BIC 8,113 | 8,245 | 655 12 1,029 9,592 8,487 7,929 0.08 3195
Mean node bootstrap support 61 62 9 0 20 87 68 56 0.14 3195
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Table S13. Summary statistics for each type of introgression based on D

o, @nalysis

Calculated on proportion of windows showing significant signal for introgression of a certain type to the total number of windows

Upper Number of 5-
Quantile Lower Coefficient taxon

Type of introgression Mean Medi SD SE Minimum imum 75% Quartile 25%| of Variation | phylogenies
P1-P3 0.0012 0.0009 |0.0007 0.0001 0.0005 0.0025 0.0016 0.0007 0.55 24
P3-P1 0.0015 0.0008 |0.0013|  0.0004 0.0006 0.0051 0.0018 0.0007 0.88 12
P1-P4 0.0008 0.0008 |0.0003| 0.0002 0.0006 0.0012 0.0010 0.0007 0.34 3
P4-P1 0.0008 0.0007 | 0.0002 0.0001 0.0005 0.0012 0.0009 0.0006 0.31 6
P2-P3 0.0016 0.0011 |0.0015 0.0003 0.0005 0.0057 0.0017 0.0006 0.92 23
P3- P2 0.0013 0.0006 |0.0015|  0.0004 0.0005 0.0054 0.0009 0.0006 1.15 16
P2 P4 0.0008 0.0006 | 0.0003 0.0002 0.0006 0.0012 0.0009 0.0006 0.43 3
P4 P2 0.0006 0.0006 | 0.0000 0.0000 0.0006 0.0006 0.0006 0.0006 0.02 6
P1,2..P3 0.0245 0.0073 | 0.0370 0.0031 0.0005 0.1949 0.0284 0.0012 1.51 142
P3-P1,2 NA NA NA NA NA NA NA NA NA 0
P1,2-P4 0.0041 0.0041 | 0.0031 0.0003 0.0005 0.0133 0.0060 0.0011 0.76 97
P4-P1,2 NA NA NA NA NA NA NA NA NA 0

Table S14. Number of blocks with consecutive 100-Kbp introgressed windows per 5-taxon combination

based on D_,, analysis
Number of consecutive Number of 5-
introgressed windows taxon
in a block Mean Median SD Minimum Maximum phylogenies
1 29.32 11.00 39.60 1.00 208.00 179.00
2 4.27 2.50 5.24 1.00 24.00 56.00
3 2.00 2.00 1.07 1.00 4.00 8.00
4 1.50 1.50 0.71 1.00 2.00 2.00
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nus (L.)) and brown trout (Salmo trutta L.) to acidifica-
tion in Norwegian inland waters

Control of Parr-smolt transformation and seawater tol-
erance in farmed Atlantic Salmon (Salmo salar) Effects
of photoperiod, temperature, gradual seawater acclima-
tion, NaCl and betaine in the diet

Cold sensation in adult and neonate birds

Influence of environmental factors on myrosinases and
myrosinase-binding proteins

Variation in space and time: The biology of a House
sparrow metapopulation

Variation in population dynamics and life history in a
Norwegian moose (Alces alces) population: conse-
quences of harvesting in a variable environment
Species delimitation and phylogenetic relationships
between the Sphagnum recurvum complex (Bry-
ophyta): genetic variation and phenotypic plasticity
Metabolism of volatile organic chemicals (VOCs) in a
head liver S9 vial equilibration system in vitro

Plant biodiversity and land use in subalpine grasslands.
— A conservation biological approach

Encoding of pheromone information in two related
moth species

Behavioural and morphological characteristics in
Northern Tawny Owls Strix aluco: An intra- and inter-
specific comparative approach

Genetic studies of evolutionary processes in various
populations of nonvascular plants (mosses, liverworts
and hornworts)

Vegetation dynamics following trampling and burning
in the outlying haylands at Sglendet, Central Norway
Habitat selection, reproduction and survival in the
White-backed Woodpecker Dendrocopos leucotos

A study of driftwood dispersal to the Nordic Seas by
dendrochronology and wood anatomical analysis
Muscle development and growth in early life stages of
the Atlantic cod (Gadus morhua L.) and Halibut (Hip-
poglossus hippoglossus L.)

Population genetic studies in three gadoid species: blue
whiting (Micromisistius poutassou), haddock
(Melanogrammus aeglefinus) and cod (Gadus morhua)
in the North-East Atlantic

The impact of environmental conditions of density
dependent performance in the boreal forest bryophytes
Dicranum majus, Hylocomium splendens, Plagiochila
asplenigides, Ptilium crista-castrensis and
Rhytidiadelphus lokeus

Aspects of population genetics, behaviour and perfor-
mance of wild and farmed Atlantic salmon (Salmo
salar) revealed by molecular genetic techniques

The early regeneration process in protoplasts from
Brassica napus hypocotyls cultivated under various g-
forces

Mate choice, competition for mates, and conflicts of in-
terest in the Lekking Great Snipe

Modulation of glutamatergic neurotransmission related
to cognitive dysfunctions and Alzheimer’s disease
Social evolution in monogamous families:
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Young Atlantic salmon (Salmo salar L.) and Brown
trout (Salmo trutta L.) inhabiting the deep pool habitat,
with special reference to their habitat use, habitat pref-
erences and competitive interactions

Host specificity as a parameter in estimates of arthro-
pod species richness

Expressional and functional analyses of human, secret-
ory phospholipase A2

Microbial ecology in early stages of marine fish: De-
velopment and evaluation of methods for microbial
management in intensive larviculture

The Cuckoo (Cuculus canorus) and its host: adaptions
and counteradaptions in a coevolutionary arms race
Methods for the microbial control of live food used for
the rearing of marine fish larvae

Sexual segregation in the African elephant (Loxodonta
africana)

Seawater tolerance, migratory behaviour and growth of
Charr, (Salvelinus alpinus), with emphasis on the high
Arctic Dieset charr on Spitsbergen, Svalbard
Biochemical impacts of Cd, Cu and Zn on brown trout
(Salmo trutta) in two mining-contaminated rivers in
Central Norway

Maternal effects in fish: Implications for the evolution
of breeding time and egg size

Production and nutritional adaptation of the brine
shrimp Artemia sp. as live food organism for larvae of
marine cold water fish species

Lichen response to environmental changes in the man-
aged boreal forest systems

Male dimorphism and reproductive biology in cork-
wing wrasse (Symphodus melops L.)

Coevolutionary adaptations in avian brood parasites
and their hosts

Spatio-temporal dynamics in Svalbard reindeer
(Rangifer tarandus platyrhynchus)

Exercise- and cold-induced asthma. Respiratory and
thermoregulatory responses

Dynamics of plant communities and populations in bo-
real vegetation influenced by scything at Sglendet,
Central Norway

The function of scent marking in beaver (Castor fiber)

The Role and Regulation of Phospholipase A,in Mono-
cytes During Atherosclerosis Development
Dendrochronological constructions of Norwegian
conifer chronologies providing dating of historical ma-
terial

Functional analysis of plant idioblasts (Myrosin cells)
and their role in defense, development and growth
Effects of climatic change on the growth of dominating
tree species along major environmental gradients

The evolution of small GTP binding proteins in cellular
organisms. Studies of RAC GTPases in Arabidopsis
thaliana and the Ral GTPase from Drosophila
melanogaster

Causes and consequences of individual variation in fit-
ness-related traits in house sparrows

Cultivation of herbs and medicinal plants in Norway —
Essential oil production and quality control
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Behavioural effects of environmental pollution in three-
spine stickleback Gasterosteus aculeatur L.

Assisted recovery of disturbed arctic and alpine vegeta-
tion — an integrated approach

Reproductive strategies in Scandinavian brown bears

Population ecology, seasonal movement and habitat use
of the African buffalo (Syncerus caffer) in Chobe Na-
tional Park, Botswana

Olfactory receptor neurones specified for the same
odorants in three related Heliothine species (Helicov-
erpa armigera, Helicoverpa assulta and Heliothis
virescens)

Life history characteristics and genetic variation in an
expanding species, Pogonatum dentatum

Plant- and invertebrate-community responses to species
interaction and microclimatic gradients in alpine and
Artic environments

Sex roles and reproductive behaviour in gobies and
guppies: a female perspective

Environmental effects on lipid nutrition of farmed At-
lantic salmon (Salmo salar L.) parr and smolt

A revision of Nereidinae (Polychaeta, Nereididae)

Natural and Experimental Tree Establishment in a
Fragmented Forest, Ambohitantely Forest Reserve,
Madagascar

Genetic, molecular and functional studies of RAC GT-
Pases and the WAVE-like regulatory protein complex
in Arabidopsis thaliana

Coastal heath vegetation on central Norway; recent
past, present state and future possibilities

Olfactory coding and olfactory learning of plant odours
in heliothine moths. An anatomical, physiological and
behavioural study of three related species (Heliothis
virescens, Helicoverpa armigera and Helicoverpa as-
sulta)

Cytochrome P4501A (CYP1A) induction and DNA ad-
ducts as biomarkers for organic pollution in the natural
environment

The Importance of Water Quality and Quantity in the
Tropical Ecosystems, Tanzania

Dynamics of Mountain Birch Treelines in the Scandes
Mountain Chain, and Effects of Climate Warming
Polygalacturonase-inhibiting protein (PGIP) in cultiv-
ated strawberry (Fragaria X ananassa): characterisa-
tion and induction of the gene following fruit infection
by Botrytis cinerea

Energy-Allocation in Avian Nestlings Facing Short-
Term Food Shortage

Metabolic profiling and species discrimination from
High-Resolution Magic Angle Spinning NMR analysis
of whole-cell samples

Dynamics of Genetic Polymorphisms

Life History strategies, mate choice, and parental in-
vestment among Norwegians over a 300-year period
Functional characterisation of olfactory receptor neur-
one types in heliothine moths

Studies on antifreeze proteins
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Organochlorine pollutants in grey seal (Halichoerus
grypus) pups and their impact on plasma thyroid hor-
mone and vitamin A concentrations

Motor control of the upper trapezius

Interactions between marine osmo- and phagotrophs in
different physicochemical environments

Implications of mate choice for the management of
small populations

Investigation of the biological activities and chemical
constituents of selected Echinops spp. growing in
Ethiopia

Salmonid fishes in a changing climate: The winter chal-
lenge

Interactions between woody plants, elephants and other
browsers in the Chobe Riverfront, Botswana

The European whitefish Coregonus lavaretus (L.) spe-
cies complex: historical contingency and adaptive radi-
ation

Levels and effects of persistent organic pollutans
(POPs) in seabirds, Retinoids and a-tocopherol — po-
tential biomakers of POPs in birds?

Life history consequences of environmental variation
along ecological gradients in northern ungulates

Are the ubiquitous marine copepods limited by food or
predation? Experimental and field-based studies with
main focus on Calanus finmarchicus

Taxonomy and conservation status of some booted
eagles in south-east Asia

Conservation biology and acidification problems in the
breeding habitat of amphibians in Norway

Acesta oophaga and Acesta excavata — a study of hid-
den biodiversity

Metal-mediated oxidative stress responses in brown
trout (Salmo trutta) from mining contaminated rivers in
Central Norway

Temporal and spatial effects of climate fluctuations on
population dynamics of vertebrates

Wildlife conservation and local land use conflicts in
Western Serengeti Corridor, Tanzania

Reproductive decisions in the sex role reversed pipefish
Syngnathus typhle: when and how to invest in repro-
duction

Female ornaments and reproductive biology in the
bluethroat

Selection and administration of probiotic bacteria to
marine fish larvae

Female coloration, egg carotenoids and reproductive
success: gobies as a model system

Metal binding proteins and antifreeze proteins in the
beetle Tenebrio molitor - a study on possible competi-
tion for the semi-essential amino acid cysteine
Photosynthetic responses as a function of light and tem-
perature: Field and laboratory studies on marine mi-
croalgae

Bushmeat hunting in the western Serengeti: Implica-
tions for community-based conservation

Functional tracing of gustatory receptor neurons in the
CNS and chemosensory learning in the moth Heliothis
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virescens

Functional Characterisation of Olfactory Receptor Neu-
rons in the Cabbage Moth, (Mamestra brassicae L.)
(Lepidoptera, Noctuidae). Gas Chromatography Linked
to Single Cell Recordings and Mass Spectrometry
Spatial and temporal variation in herbivore resources at
northern latitudes

Spatial Ecology of Wolverines in Scandinavia

Demographic variation, distribution and habitat use
between wildebeest sub-populations in the Serengeti
National Park, Tanzania

Depredation of Livestock by wild Carnivores and Il-
legal Utilization of Natural Resources by Humans in
the Western Serengeti, Tanzania

Effects of fire on large herbivores and their forage re-
sources in Serengeti, Tanzania

Functional development and response to dietary treat-
ment in larval Atlantic cod (Gadus morhua L.) Focus
on formulated diets and early weaning
Toxicogenomics of Aryl Hydrocarbon- and Estrogen
Receptor Interactions in Fish: Mechanisms and Profil-
ing of Gene Expression Patterns in Chemical Mixture
Exposure Scenarios

The Svalbard reindeer (Rangifer tarandus
platyrhynchus) and its food base: plant-herbivore inter-
actions in a high-arctic ecosystem

Wolverine foraging strategies in a multiple-use land-
scape

The ecology and behaviour of the Masai Ostrich (Stru-
thio camelus massaicus) in the Serengeti Ecosystem,
Tanzania

Sources of inter- and intra-individual variation in basal
metabolic rate in the zebra finch, Taeniopygia guttata
Biodiversity dynamics in semi-natural mountain land-
scapes - A study of consequences of changed agricul-
tural practices in Eastern Jotunheimen

The Role of Androgens on previtellogenic oocyte
growth in Atlantic cod (Gadus morhua): Identification
and patterns of differentially expressed genes in rela-
tion to Stereological Evaluations

The role of platelet activating factor in activation of
growth arrested keratinocytes and re-epithelialisation
Statistical Modelling of Gene Expression Data

Arabidopsis thaliana Responses to Aphid Infestation

Herbivore sacoglossans with photosynthetic chloro-
plasts

Mediating ecological interests between locals and glob-
als by means of indicators. A study attributed to the
asymmetry between stakeholders of tropical forest at
Mt. Kilimanjaro, Tanzania

Somatic embryogenesis in Cyclamen persicum. Biolo-
gical investigations and educational aspects of cloning
Cost of rapid growth in salmonid fishes

Exploring factors underlying fluctuations in white
clover populations — clonal growth, population struc-
ture and spatial distribution
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Elucidation of molecular mechanisms for pro-inflam-
matory phospholipase A2 in chronic disease

Neurons forming the network involved in gustatory
coding and learning in the moth Heliothis virescens:
Physiological and morphological characterisation, and
integration into a standard brain atlas

Extreme Frost Tolerance in Boreal Conifers

Coevolutionary interactions between common cuckoos
Cuculus canorus and Fringilla finches

Remote sensing of marine environment: Applied sur-
veillance with focus on optical properties of phyto-
plankton, coloured organic matter and suspended mat-
ter

Functional responses of perennial grasses to simulated
grazing and resource availability

Dimensions of a Human-lion conflict: Ecology of hu-
man predation and persecution of African lions (Pan-
thera leo) in Tanzania

Egg characteristics and development of larval digestive
function of cobia (Rachycentron canadum) in response
to dietary treatments - Focus on formulated diets
Intraspecific competition in stream salmonids: the im-
pact of environment and phenotype

Molecular studies of genetic structuring and demogra-
phy in Arabidopsis from Northern Europe

Wildlife Conservation and People’s livelihoods: Les-
sons Learnt and Considerations for Improvements. The
Case of Serengeti Ecosystem, Tanzania

Why do cuckoos lay strong-shelled eggs? Tests of the
puncture resistance hypothesis

Population Ecology of Eriophorum latifolium, a Clonal
Species in Rich Fen Vegetation

Impact of protective clothing on thermal and cognitive
responses

Nutritional lifestyle changes — effects of dietary carbo-
hydrate restriction in healthy obese and overweight hu-
mans

Stochastic modeling of finite populations with individ-
ual heterogeneity in vital parameters

The effect of macronutrient composition, insulin stimu-
lation, and genetic variation on leukocyte gene expres-
sion and possible health benefits

Evolution of Signals: Genetic Architecture, Natural Se-
lection and Adaptive Accuracy

Operational sex ratio and reproductive behaviour in the
two-spotted goby (Gobiusculus flavescens)
Arabidopsis thaliana L. adaptation mechanisms to mi-
crogravity through the EMCS MULTIGEN-2 experi-
ment on the ISS: The science of space experiment inte-
gration and adaptation to simulated microgravity
Stochastic modeling of mating systems and their effect
on population dynamics and genetics

Rho GTPases in Plants: Structural analysis of ROP GT-
Pases; genetic and functional studies of MIRO GT-
Pases in Arabidopsis thaliana

Relative performance of salmonid phenotypes across
environments and competitive intensities

Life-history trait dynamics in experimental populations
of guppy (Poecilia reticulata): the role of breeding re-
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gime and captive environment

Regulation in Atlantic salmon (Salmo salar): The inter-
action between habitat and density

Use of Pulse Amplitude Modulated (PAM) Fluores-
cence and Bio-optics for Assessing Microalgal Photo-
synthesis and Physiology

Brood Parasitism in Asian Cuckoos: Different Aspects
of Interactions between Cuckoos and their Hosts in
Bangladesh

Water treatment as an approach to increase microbial
control in the culture of cold water marine larvae

The Evolvability of Static Allometry: A Case Study

Conflict over the conservation of the Asian elephant
(Elephas maximus) in Bangladesh

Effects of complex organohalogen contaminant mix-
tures on thyroid hormone homeostasis in selected arctic
marine mammals

Spatiotemporal variation in resource utilisation by a
large herbivore, the moose

The ecology of a conflict: Eurasian lynx depredation on
domestic sheep

Effects of native and introduced cervids on small mam-
mals and birds

Evolutionary consequences of seed banks and seed dis-
persal in Arabidopsis

Shift work in the offshore vessel fleet: circadian
rhythms and cognitive performance

Consequences of diet quality and age on life-history
traits in a small passerine bird

Foraging in a variable world: adaptations to stochastic-
ity

Cultivation of mussels (Mytilus edulis): Feed require-
ments, storage and integration with salmon (Salmo
salar) farming

Reproductive and migratory challenges inflicted on mi-
grant brown trout (Salmo trutta L.) in a heavily modi-
fied river

Gene flow and natural selection in Atlantic salmon

Lipid and astaxanthin contents and biochemical post-
harvest stability in Calanus finmarchicus

Functional and morphological characterization of cen-
tral olfactory neurons in the model insect Heliothis
virescens.

Acid-base regulation and metabolite responses in shal-
low- and deep-living marine invertebrates during envi-
ronmental hypercapnia

Optimal performance in the cold

Anthropogenic and natural influence on disease preva-
lence at the human —livestock-wildlife interface in the
Serengeti ecosystem, Tanzania

Organohalogenated contaminants (OHCs) in polar bear
mother-cub pairs from Svalbard, Norway. Maternal
transfer, exposure assessment and thyroid hormone dis-
ruptive effects in polar bear cubs

The ecological significance of space use and movement
patterns of moose in a variable environment

Bio-optics and Ecology in Emiliania huxleyi Blooms:
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Field and Remote Sensing Studies in Norwegian Wa-
ters

Effects of the social and physical environment on mat-
ing behaviour in a marine fish

Demographic, environmental and evolutionary aspects
of sexual selection

Molecular genetic investigation of cell separation and
cell death regulation in Arabidopsis thaliana
Ungulates in a dynamic and increasingly human domi-
nated landscape — A millennia-scale perspective
Integrated Systems Approaches to Study Plant Stress
Responses

Patterns in spatial and temporal variation in population
abundances of vertebrates

Integrated multi-trophic aquaculture driven by nutrient
wastes released from Atlantic salmon (Salmo salar)
farming

Structure, dynamics, and regeneration capacity at the
sub-arctic forest-tundra ecotone of northern Norway
and Kola Peninsula, NW Russia

Spatial distributions and productivity in salmonid popu-
lations

Statistical methods for estimating intra- and inter-popu-
lation variation in genetic diversity

Light in the dark — the role of irradiance in the high
Arctic marine ecosystem during polar night

The dynamics of sexual selection: effects of OSR, den-
sity and resource competition in a fish

Phototaxis in Calanus finmarchicus — light sensitivity
and the influence of energy reserves and oil exposure
Molecular and functional characterisation of the IDA
family of signalling peptides in Arabidopsis thaliana
Light responses in the marine diatom Phaeodactylum
tricornutum

Resource Allocation under Stress - Mechanisms and
Strategies in a Long-Lived Bird

Factors influencing African wild dog (Lycaon pictus)
habitat selection and ranging behaviour: conservation
and management implications
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