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ABSTRACT

Speciation is among the most important evolutionary processes that contribute to
biodiversity. It involves the formation of new species that have become reproductively
isolated through a process that is not linear and varies in time and space. For divergent
populations that still exchange genes, questions remain on how selective forces and
demographic history can influence the maintenance and/or accumulation of multiple
barriers to gene flow. In this thesis, [ tackle these questions using contact zones
between genetically-differentiated populations.

The salinity gradient between the marine North Sea and the brackish Baltic Sea impacts
heavily on the adaptation of marine species living in this area. Our review found 23 out
of 24 marine species with genetic data have formed divergent populations over this
gradient. Population differentiation is strongly driven by divergent selection and/or
temporal or spatial segregation, and it seems to be facilitated by ancestral variation.
Another excellent example of divergent populations that show barriers to gene flow
across contact zones is the intertidal snail Littorina saxatilis. This species is abundantly
distributed on the European and North American Atlantic coasts and it is known for the
Crab and Wave ecotypes, the first adapted to crab predation and the second adapted to
wave exposure. In L. saxatilis, patterns of divergence have been analyzed using single
nucleotide polymorphisms (SNPs), the most common source of genetic variation.
Polymorphic short insertions and deletions (INDELs) are the second most abundant
variant type but they have been overlooked in speciation studies. My analyses suggest
that INDELs are more affected by purifying selection than SNPs. However, they also
show patterns of divergent selection and thus, have potential as genetic markers for
studies of adaptation and population divergence.

In L. saxatilis, shell size is an adaptive trait that is also important for mating. [ found that
the probability of mating is size-dependent (assortative mating) and there is sexual
selection for small male size. Given the different local optima of shell size, this mating
pattern contributes to reproductive isolation between ecotypes and simulations showed
that gene flow was more reduced by sexual selection than by assortative mating.
Barriers to gene flow may also occur during mating and determining when mating is
successful requires knowing when sperm transfer starts. [ found evidence suggesting
that sperm transfer begins within a few minutes in L. saxatilis and seems largely
independent of mating duration.

Reproductive isolation at contact zones may be strongly affected by divergent ecological
selection and the species history, and without a large hybrid disadvantage, sexual
selection may be a more important barrier than assortment. Whether these barrier
effects will lead to complete reproductive isolation remains an open question.

Keywords: hybrid zone | gene flow | genetic variants | mating | local adaptation | marine
species | speciation



POPULARVETENSKAPLIG SAMMANFATTNING

Artbildning ar viktig for den bidrar med ny biologisk mangfald. Nya reproduktivt
isolerade arter uppstar genom en process som varken ar spikrak eller konstant i
dimensioner av tid och rum. Nar utbyte av gener fortfarande sker mellan populationer
uppstar fragor om hur naturlig selektion och artens demografiska historia uppratthaller
genetiska barridrer. I denna avhandling studerar jag dessa fragor genom att undersoka
vad som hander i kontaktzoner mellan genetiskt dtskilda bestand.

Den gradient i salthalt som r&der mellan Nordsjén och Ostersjons brackvatten har lett
till anpassningar hos de marina arter som lever i omrddet. Vi sammanstéllde genetisk
data for 24 arter och 23 av dessa uppvisade skillnader mellan bestanden 6ver
gradienten. Dessa skillnader uppratthalls dels genom bestandens olika 6verlevnad i de
olika salthalterna och dels genom att reproduktionen ar separerad i tid och/eller rum.
Den genetisk variation som behovts for att astadkomma dessa skillnader har i manga
fall varit variation som fanns i arten redan innan Ostersjon bildades.

Hos strandsnackan Littorina saxatilis finns genetiska barridrer som begransar genflodet
over kontaktzoner mellan olika divergerande bestand. Arten ar vanlig langs Europas
och Nordamerikas kuster av Atlanten, och speciellt tydliga skillnader finns mellan krabb
och vagsnackor. Krabbsnackor lever i steniga miljoer med strandkrabbor medan
vagsndckorna lever pa vagexponerade klipphallar. Tidigare kartldggningar visar att
mutationer av enskilda kvavebaser (s.k. SNPs) gett upphov till genetiska skillnader
mellan krabb- och vagsnackor. En annan typ av mutation som kan uppsta ar att sma
DNA fragment tillkommer eller faller bort (s.k. INDELS). Mina studier visar att INDELs
rensas bort av selektion mer effektivt an SNPs men de uppvisar alltjamt skillnader
mellan krabb- och vagsnackor och kan anvandas for studier av anpassning och
divergens.

En snéckas storlek ar viktigt for anpassning till de olika miljoerna men ocksa viktigt vid
parning. Jag visar i min avhandling att parning sker oftare med snackor av ungefar
samma storlek, och att sma hanar far fler parningar. Stora sniackor gynnas bland
krabbor och sma i vagexponering, och storleksberoende partnervalet utgor darfor en
barridr for genflode. I simuleringar visar vi att bade storleksval och att sma hanar
gynnas bidrar till en barridr men att det sistndmnda har stoérre betydelse.

Barriarer till genetiskt utbyte paverkas ocksa av hur framgangsrik varje parning ar men
for att forsta detta kravs att man vet ndr under parningen som en 6verforing av
spermier sker. Mina resultat visar att spermier 6verfors dven vid parningar sa korta
som nagra fa minuter och att parningens langd inte tycks paverka spermiedverforingen.
[solering mellan divergerande bestand i kontakt med varandra tycks ofta vara ett
resultat av naturlig selektion och paverkas av artens historia. Om hybrider som bildas
overlever bra sa kan parningsframgang snarare dn partnerval utgora viktiga barridrer.
Om det till slut blir en komplett artbildning eller inte ar trots att vi forstar vilka
mekanismer som ar inblandade, ofta svart att faststalla.
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INTRODUCTION

Evolution of reproductive isolation under gene flow

Biodiversity is tightly connected with ecosystem functions (e.g., primary production and
nutrient cycling) and it can be understood by studying how species form, migrate and
go extinct (BUTLIN et al. 2009; CARDINALE et al. 2012). Investigating the first of these
processes is the aim of speciation research and since the very first milestone for this
field, The Origin of Species (DARWIN 1859), speciation research has explored the
formation of biological diversity in three directions: examining the components of
reproductive isolation, resolving the genetic basis of speciation and comparing
speciation processes with patterns of biodiversity (COYNE AND ORR 2004; BUTLIN et al.
2011). In this thesis, I focus on the first two directions and examine reproductive
barriers that reduce gene flow between divergent populations, evolutionary processes
such as natural and sexual selection that produce these barriers and review the
contribution to speciation of genomic features such as chromosomal rearrangements. In
my effort to provide new insights to the field of speciation research, the evolution of
reproductive isolation is key.

Speciation is the split of one species into two fully reproductively isolated species and it
is a continuous process that can be measured quantitatively using a scale for the
strength of reproductive isolation where 0 represents no reproductive isolation and 1
represents complete reproductive isolation (COYNE AND ORR 2004; SEEHAUSEN et al.
2014). At the low-end of this continuum there are taxa such as Rhagoletis spp. host
races (FEDER 1998) and Ophrys spp. orchids (SCOPECE et al. 2007), at the middle two
examples are Heliconius spp. butterflies (JIGGINS 2008) and Mus musculus subspp. house
mice (BIMOVA et al. 2011), and at the high-end there are nearly complete reproductively
isolated species such as Mimulus spp. monkeyflowers (RAMSEY et al. 2003) and the
annual plants in the genus Linanthus (SCHEMSKE AND GOODWILLIE 1996).

The evolution of reproductive isolation is best studied when different populations have
evolved some, but not complete reproductive isolation. On one hand, we cannot tell
whether these partially-isolated populations will ever evolve into separate species. On
the other hand, we can identify which components contribute the most to the
differentiation between these populations. In species with complete, or nearly complete
reproductive isolation, it is more difficult to know which are the components that had
large effects during differentiation because most of them could have accumulated either
at later stages, still increasing reproductive isolation but with small contributions, or
after reproductive isolation was complete (NOSIL AND SCHLUTER 2011). For instance,
PRESGRAVES (2003) found about 200 genes that were involved in reproductive isolation
of Drosophila melanogaster and D. simulans but probably only some of them had a large



impact on promoting species differentiation. The rest had probably small effects and
accumulated when reproductive isolation was almost complete.

Hybrid zones are excellent examples for studying the evolution of reproductive isolation
as they consist of two divergent populations that meet and exchange genes at the
overlap of their distributions (HEWITT 1988; ABBOTT et al. 2013). The way that genes are
exchanged between these populations is through interpopulation crosses that produce
hybrid individuals and successive back-crossings between hybrids and the pure
individuals from either parental population. Populations at either side of the hybrid
zone may have diverged in situ (primary contact) as a result of adaptive changes via
divergent selection in the face of gene flow or may have diverged prior to contact during
a period of isolation in which evolutionary changes may have been accumulated
independently between populations via selection and/or drift (secondary contact)
(BARTON AND HEWITT 1985). If divergence increases, the two populations will become
reproductively isolated. Speciation can then be understood by studying how this gene
flow between divergent populations is reduced (DOBZHANSKY 1937; MAYR 1942).

Barriers reducing gene flow

In both primary and secondary contact, traits that have diverged between populations
(e.g., body size and mating duration) may also have diverged due to sexually
antagonistic selection. This type of selection is predicted to promote reproductive
isolation between different populations through rapid evolutionary divergence of
reproductive traits (see below, section Reproductive traits acting as barriers). If
divergent traits are then involved either indirectly or directly in reproductive isolation,
they will act as isolating barriers reducing gene flow between these populations.

There are three classes of reproductive barriers (COYNE AND ORR 2004). Premating
isolating barriers prevent gene flow before mating or pollination leading to assortative
mating. For example, females may be more attracted to conspecific than heterospecific
males or pollination may only occur in the habitat of origin or at a different season
depending on which pollinators have been used. Postmating, prezygotic isolating
barriers prevent gene flow when mating or pollination has already started but
fertilization has not yet occurred. These are traits that are required for normal
fertilization such as the evolution of seminal proteins that guarantee proper gamete
transfer in one population but result in poor gamete transfer in the other population.
Finally, postzygotic isolating barriers act after fertilization such as hybrid inviability and
infertility. For example, hybrids may not develop due to genetic incompatibilities
between parental genetic backgrounds or may develop normally but with intermediate
phenotypes that are maladaptive to either of the parental habitats.

Over time, different types of barriers may accumulate and become associated to
increase divergence between two locally-adapted populations. In the absence of gene



flow, this association between divergent traits with barrier effects is automatic but in
the presence of gene flow, recombination is likely to disrupt trait associations
(FELSENSTEIN 1981; SMADJA AND BUTLIN 2011). Importantly, the number of traits
contributing to reproductive isolation and the strength of their associations are
excellent indicators for the build-up of divergence despite gene flow and thus, the
likelihood of speciation (SMADJA AND BUTLIN 2011). Theory suggests that a low number of
isolating traits and strong genetic correlations between them due to, for example,
pleiotropy or tight physical linkage, can increase the overall barrier to gene flow
because there are few opportunities for recombination to split apart advantageous
combinations of alleles (FELSENSTEIN 1981; SERVEDIO AND BURGER 2018). A similar
conclusion was also drawn after a review of empirical studies that simulated speciation
in the face of gene flow. The evolution of reproductive isolation was strongly facilitated
when a trait under divergent selection directly induced nonrandom mating via
pleiotropy whereas it was rarely observed when hybrid fitness was artificially
manipulated in order to reduce mating events between divergent populations via
indirect selection or reinforcement (RICE AND HOSTERT 1993).

An excellent example of trait associations with strong contribution to reproductive
isolation has been described in Heliconius butterflies (MERRILL et al. 2012; MERRILL et al.
2019). Wing mimetic color is a trait that is used for advertising distastefulness to
predators and closely related taxa show different mimicry patterns which are
maintained by strong selection due to high predation on non-mimetic colored
butterflies (JiGGINS 2008). Hybridization between these different species of butterflies
occurs but it is presumed to be rare because hybrids have been infrequently found in
the wild, they are less attractive to either parental species and they also have low
survival because they display intermediate warning patterns that may not be
recognized as distasteful (MERRILL et al. 2012). Wing color pattern is therefore under
divergent selection but it is also involved in nonrandom mating as it serves as a male
mating signal to attract conspecific females (MERRILL et al. 2012). Furthermore, the male
mating signal and the female preference are genetically correlated via very close
physical linkage which strengthens the association between ecological and sexual
barriers to gene flow and thus, promotes speciation (MERRILL et al. 2019).

Reproductive traits acting as barriers

Single traits such as the wing mimetic color in Heliconius butterflies are called “multiple-
effect” traits because they contribute to more than one barrier effect (SMADJA AND BUTLIN
2011) but they are also known as “magic traits” because they are simultaneously under
divergent selection and mediate assortative mating (SERVEDIO et al. 2011). In Heliconius
butterflies, assortative mating is based on a preference/trait rule: the female preference
is separate from the male mating signal but the tight physical linkage between the two



traits allows them to coevolve and both to be affected by divergent selection (Kopp et al.
2018). However, without such a strong genetic correlation between preference and
signal, divergence may be more easily opposed by gene flow and recombination
(SERVEDIO 2009; SMADJA AND BUTLIN 2011). Divergence will be less opposed if the
preference and the signal are not separate and assortative mating is based on
phenotypic similarity of a trait under divergent selection (“matching rule with magic
trait”) (SERVEDIO AND KopP 2012; KopP et al. 2018). This is the case of Gasterosteus
sticklebacks where individuals mate with individuals of similar size and size differences
are adaptive for foraging in different habitats (McKINNON AND RUNDLE 2002).

In both Heliconius butterflies and Gasterosteus sticklebacks, the barrier to gene flow
between populations is generated by divergent selection due to ecological differences
between environments (i.e., ecological speciation) (NosIL 2012). However, reproductive
isolation may also evolve without divergence (one-allele mechanism as in habitat choice
or flowering time) (FELSENSTEIN 1981; KoPP et al. 2018) or with divergence but not as a
result of ecologically based divergent selection between environments. In the latter
case, sexual selection may promote divergence while being uniform across populations
as it may trigger a rapid antagonistic coevolution between female and male
reproductive traits in each population.

Sexually antagonistic coevolution is the result of sexual conflict over mating which
arises because females and males are not expected to share the same fitness optima:
what may be beneficial and selected for in one sex may be costly and selected against in
the other (PARKER 1979; PARKER 2006). Copulation duration and number of matings are
well-known examples of sexual conflict because long and numerous matings are
generally observed to increase male fitness but to decrease female fitness (reviewed in
CHAPMAN et al. 2003).

The origin of sexual conflict is found in anisogamy. In general, males produce many
small and inexpensive gametes with very little investment in offspring provisioning
while females invest much more resource per gamete and in this way contribute more
to offspring early in development (TRIVERS 1972; JANICKE et al. 2016). At the union of the
different gametes, females and males gain the same benefit but for females the costs are
much higher. Limited by the number of gametes that the females produce, males will
compete for such resources and there will be selection for traits or behaviors that
increase male reproductive success (BATEMAN 1948). If these selected traits or
behaviors reduce female fertility or survival, sexual conflict will then arise. An excellent
example of sexual conflict can be found in Drosophila melanogaster where males
produce accessory gland proteins that, in elevated quantities, make the females die
younger, lay eggs at a higher rate and become more reluctant to accept further matings
(CHAPMAN et al. 1995; WOLFNER 1997). Females are expected to respond to this fitness
reduction by evolving counteradaptations that allow them to move closer to their



fitness optimum which will often be disadvantageous for males (HOLLAND AND RICE 1998;
LESSELLS 2006). Male traits or behaviors that may coerce females to mate and female
responses to male coercion have been extensively studied in a wide range of taxa (SMUTS
AND SMUTS 1993; CLUTTON-BROCK AND PARKER 1995; LESSELLS 2006). This antagonistic
coevolution between female and male traits has been compared to the arms race
between harmful traits of pathogens and defensive traits of hosts (VAN VALEN 1973) and
it has been predicted to have a significant impact on population divergence and
speciation. However, whether sexual conflict is “an engine of speciation” is still unclear
because both theoretical and empirical results have been contradictory (reviewed in
GAVRILETS AND HAYASHI (2005); PARKER (2006); GAVRILETS (2014); LINDSAY et al. (2019)).
For isolated populations, sexually antagonistic coevolution has been predicted to
increase genetic and phenotypic divergence thereby promoting reproductive isolation
(HowaARD et al. 1998; PARKER AND PARTRIDGE 1998; RICE 1998; GAVRILETS 2000). Under
such a scenario, sexual conflict is expected to generate both pre-zygotic (e.g., assortative
mating or sperm precedence) and post-zygotic (e.g., inviable or infertile hybrids)
barriers to gene flow (PARKER AND PARTRIDGE 1998; COYNE AND ORR 2004). Sexual conflict
has also been modelled in populations with ongoing gene flow and without prior
isolation. Using a model for sexual conflict over mating rate, GAVRILETS AND WAXMAN
(2002) predicted that reproductive isolation was established when female
diversification was accompanied by male diversification and it was not established
when coevolution between females and males ended because females reached their
own fitness optimum while males were left in a condition of reduced mating success.
Alternative outcomes to the one where sexually antagonistic coevolution led to
reproductively isolated clusters have also been found in other models (reviewed in
PERRY AND ROWE 2015).

On one hand, the theoretical prediction that speciation can be driven by sexual conflict
has been supported by comparative analyses in insects (ARNQVIST et al. 2000a;
KATZOURAKIS et al. 2001), passerine birds (BARRACLOUGH et al. 1995), amphibians (DE
LISLE AND ROWE 2015) and by a few studies of experimental evolution where laboratory
populations of insects were reared for many generations under elevated sexual conflict
(MARTIN AND HOSKEN 2003; HOSKEN et al. 2009). There is also evidence that rapid
evolution of female and male reproductive traits such as genital morphology in insects,
may represent a strong barrier to gene flow between isolated populations (ARNQVIST AND
NILSSON 2000b; ARNQVIST AND ROWE 2005; WOJCIESZEK AND SIMMONS 2013). On the other
hand, the prediction that speciation can be driven by sexual conflict was not supported
by other comparative studies in mammals, butterflies and spiders (GAGE et al. 2002),
birds (MORROW et al. 2003), fish (RITCHIE et al. 2005) and by several experimental
evolution studies mostly with insects (BACIGALUPE et al. 2007; GAY et al. 2009; GAGNON
AND TURGEON 2011; PLESNAR-BIELAK et al. 2013; CARVALHO et al. 2020).



Evolutionary patterns of divergence

With the emergence of high-throughput and next-generation sequencing technologies,
single nucleotide polymorphisms (SNPs) have been extensively used as markers for
both neutral (e.g., gene flow) and selective processes (e.g., divergent selection) which, as
we have seen above, may represent important evolutionary forces for the evolution of
reproductive isolation (BRUMFIELD et al. 2003; MORIN et al. 2004).

Neutral processes (e.g., gene flow and drift, influenced by changes in population size)
can be studied by measuring allele frequencies at neutral variants which are expected to
segregate randomly in a population, and not influenced by the hitchhiking effect due to
linkage disequilibrium with the target loci of selection. For example, under the
assumption that a drastic reduction in population size (bottleneck) will cause the
removal of rare alleles, we should observe that low-frequency neutral variants are
significantly less common than expected under a model of constant population size.
Processes such as purifying selection and divergent selection are instead expected to
have locus-specific effects. For example, during the evolution of adaptive traits to
different environments, purifying selection will prevent some variants from increasing
in frequency due to their deleterious fitness effects while divergent selection will cause
large allele-frequency differences (e.g., high Fsr) between populations. Neutral loci
linked to the loci that are targets of selection will also segregate at low frequencies or
show elevated Fsr and may reveal regions of the genome under selection. Hence, genetic
variants can reflect the impacts of direct or indirect selection, which may differ
according to the type of variants used. However, this genomic approach for identifying
the effects of gene flow, divergent selection and reproductive isolation is not always
straightforward (RAVINET et al. 2017).

Earlier, microsatellites were popular PCR-based markers for population genetic studies
(JARNE AND LAGODA 1996; GOLDSTEIN AND SCHLOTTERER 1999) but these were outcompeted
by SNPs because of their lower mutation rate, higher abundance, broader genome
coverage, easier bioinformatic automation and higher opportunity for comparative
studies across taxa (SCHLOTTERER 2004). In particular, the use of SNPs for comparative
methods represents an excellent approach to search for global patterns in the evolution
of isolating barriers.

However, SNPs are not the only category of common, small variants: Short insertions
and deletions (INDELs < 50 bp) could represent additional or alternative candidate
genetic markers for evolutionary processes, as they are the most common type of
genetic variants among the non-SNP variants (MONTGOMERY et al. 2013). In the
nonmodel teleost fish Australasian snapper, non-SNP variants have been shown to
exceed SNPs in regard to the number of bases affected at the genome-wide scale and
among them, short INDELs covered a number of bases comparable to SNPs (CATANACH et
al. 2019). Moreover, while calling longer variants such as duplications and inversions



may require a different sequencing approach, calling short INDELs can be done using
the same input sequences used for calling SNPs.

Recent advances in genome-wide and long-read sequencing have allowed to generate,
also for nonmodel organisms, large amounts of data that can be used for understanding
the general role of longer, structural variants such as chromosomal inversions and
duplications in the evolution of reproductive isolation (LEE et al. 2016; WELLENREUTHER
et al. 2019). The evidence across a wide range of taxa seems to support the theory that
chromosomal rearrangements contain genes involved in local adaptation as well as
genes that contribute to reproductive isolation (reviewed by WELLENREUTHER AND
BERNATCHEZ 2018) . However, it remains unclear what mechanisms are involved that
have allowed rearrangements to have such a role in speciation (reviewed by BUTLIN et al.
2011; JacksoN 2011; FAriA et al. 2019a) .

Thus, using different types of genetic variants that are directly or indirectly affected by
evolutionary processes in a context where populations are partially isolated is expected
to improve our understanding of the components and the genomic patterns of
reproductive isolation.

Study systems
The North Sea—Baltic Sea transition of marine species

From the marine North Sea (North-East Atlantic) to the brackish Baltic Sea, salinity
decreases gradually and in the Danish Straits the change is the steepest (Figure 1). The
Baltic Sea formed about 8,500 years ago, following the last glaciation (~10,000-15,000
years ago), and was colonized about 8,000 years ago by a subset of marine species living
in the North Sea (OJAVEER et al. 2010). Because marine species are not expected to be
adapted to low salinity, the colonization of the Baltic Sea was likely driven by plastic
responses with respect to salinity which were later followed by local adaptation (WEST-
EBERHARD 2005). For many marine Baltic Sea species, there is empirical evidence for
strong phenotypic plasticity (KAUTSKY et al. 1990; RENBORG et al. 2013; WooD et al. 2014;
JOHANSSON et al. 2017) and steep allele frequency change across the salinity gradient
forming parallel hybrid zones in species of fish, invertebrates and macroalgae (SicK
1961; CHRISTIANSEN AND FRYDENBERG 1974; JOHANNESSON AND ANDRE 2006).

The formation of such contact zones is crucial for our understanding of how genetically-
differentiated populations may coexist despite the homogenizing effect due to gene
flow. By combining information from multiple single-taxon contact zones, it is possible
to identify what types of barriers reduce gene flow between these populations and
whether this reduction is due to single traits with large barrier effects or multiple traits
with small barrier effects. In addition, it is possible to investigate the relationship
between reproductive isolation and life-history traits or past demographic events that
vary across different species. For example, are species with long-range dispersal less



genetically differentiated than species with less mobile or sessile life cycles? What is the
contribution to reproductive isolation of historical changes in population size and/or
periods of spatial isolation prior to secondary contact? Finally, where information about
the structure of the genome is available, it is also possible to ask which genomic features
are more likely to reduce gene flow between divergent populations of multiple species
that are in contact over the same environmental gradient.

The Wave—Crab microenvironment transition in a marine snail

An example of a single-species and narrow hybrid zone (from a few meters to tens of
meters) can be found on rocky-shores between wave-exposed and crab-rich habitats.
Here, Littorina saxatilis, an intertidal marine snail, forms phenotypically distinct
ecotypes. Indeed, Wave and Crab ecotypes are encountered widely in wave-exposed and
crab-rich habitats, respectively, over the species’ North Atlantic distribution (PANOVA et
al. 2006; JOHANNESSON et al. 2010a). Wave individuals live on cliffs, they have evolved a
relatively large foot, thin shell, small size at maturation and a bold behavior, whereas
Crab snails live among boulders, have developed a larger, thicker shell with a narrower
foot and show a wary behavior. Trait differences between ecotypes are the result of
divergent natural selection induced by wave exposure in the Wave habitat and crab
predation in the Crab habitat (JOHANNESSON 1986; BOULDING et al. 2017; LE PENNEC et al.
2017).

Many genomic regions potentially involved in the divergence process in L. saxatilis have
been identified using SNPs; these include several putative inversions (WESTRAM et al.
2018; MORALES et al. 2019; FARIA et al. 2019b). Nevertheless, it is not excluded that other
regions of the genome may have participated in the ecotype differentiation and that
classes of variants other than SNPs and inversions may contribute to divergence. For
instance, in a few cases, sequence divergence and genetic isolation have been studied
using INDELs (VETSIGIAN AND GOLDENFELD 2005; YANG et al. 2007), a type of variants that
has been overlooked in L. saxatilis.

Divergent natural selection is a powerful barrier against gene flow between Wave and
Crab ecotype snails and such a barrier is likely to have arisen in the face of continuous
gene flow (BUTLIN et al. 2014). However, there is also evidence for other isolating
components such as habitat choice, low dispersal (due to direct development) and size-
assortative mating (JANSON 1983; ROLAN-ALVAREZ et al. 1997; JOHANNESSON et al. 2016).
Particularly, assortative mating has been investigated in empirical studies both in the
field and the laboratory, and in modelling studies, and these results have shown that
mating behavior in L. saxatilis is dominated by size-assortative mating, in the presence
of sexual size dimorphism (JOHANNESSON et al. 1995; ERLANDSSON AND ROLAN-ALVAREZ
1998; HULL 1998; ROLAN-ALVAREZ et al. 1999; CRUZ et al. 2004; HOLLANDER et al. 2005;
CONDE-PADIN et al. 2008; SADEDIN et al. 2009; FERNANDEZ-MEIRAMA et al. 2017). These
results were obtained using sexual isolation indices (e.g., Yule’s V (GILBERT AND STARMER



1985) and Ipsi (ROLAN-ALVAREZ AND CABALLERO 2000)) which divide a continuous variable,
such as shell size, into discrete categories, such as large/small Crab snails and
small/large Wave snails. In hybrid zones like the one in L. saxatilis where individuals
with intermediate phenotypes are viable and fertile, excluding these hybrids from
mating experiments risks biasing the inferred contribution of assortative mating to the
overall barrier to gene flow between divergent populations (COYNE AND ORR 2004; IRWIN
2020). Hence, an approach that can quantify mating probability and the resulting
strength of assortative mating for a continuous trait distribution is recommended in
hybrid zone studies.

In L. saxatilis, copulation durations are highly variable (from a few minutes to hours)
but without information on the timing of sperm transfer, this variation cannot be
interpreted. For instance, JOHANNESSON et al. (2010b) suggested that in L. saxatilis mating
frequency has been likely influenced by population density and costs of mating (e.g.,
predation risk) and these factors may also impact copulation duration and sperm
transfer. Additionally, JOHANNESSON et al. (2016) found that both sperm competition
and/or cryptic female choice may be involved during fertilization in L. saxatilis and it is
expected that these two components may also influence copulation duration and sperm
transfer. Finally, this variation in copulation duration and potentially also in sperm
transfer, might impact on the contributions of assortative mating and sexual selection to
the barrier to gene flow between the Crab and Wave ecotypes. In earlier studies on
mating behavior, short copulations have been excluded from analysis because they were
interpreted as failed mating attempts during which sperm transfer was unlikely
(HOLLANDER et al. 2005; PERINI et al. 2020). This interpretation was based on the
observation that sperm in L. saxatilis is slowly channeled into the female through a
groove in the penis by ciliary movements and also the fact that males mount
heterospecific individuals, conspecific males and juveniles for similar short durations
(SAUR 1990; HOLLANDER et al. 2005). However, there is currently no evidence in L.
saxatilis on when the males start transferring the sperm during copulation.

SUMMARY OF RESULTS

Paper |

Divergent populations with partially overlapping distributions form contact zones
which offer great opportunities for studying barriers that reduce gene flow,
evolutionary processes that produce these barriers and genomic features that are
involved in reproductive isolation. Using single-species contact zones, it is possible to
provide important details about the mechanisms implicated during divergence while
using multispecies contact zones, where more species show divergent populations that



are in contact over the same environmental gradient (e.g., salinity), it is possible to
address the generality of patterns of reproductive isolation. It is also possible to test for
arelationship between divergence and traits that are invariable within a species such as
dispersal, generation time and mating system. A multispecies contact zone is found at
the entrance of the Baltic Sea where the change in salinity is the steepest. Data on
genetic variation across this North Sea—Baltic Sea transition was available for 23 marine
species (15 fish, five invertebrates, two macroalgae, and one microalga) with different
life histories and it consisted mostly of genome-wide SNP data (Table 1). This dataset
was used for addressing questions about general patterns in the evolution of isolating
barriers.

To test for the position of the contact between divergent populations along the salinity
gradient, clines were fitted to the genetic data. For most of the species with enough data
(ten out of 14 species), the center of the cline coincided with the steepest part of the
salinity gradient, two were slightly shifted towards lower salinities and two were found
at the high-salinity margin of the North Sea—Baltic Sea transition (Figure 1).

The origins of contact zones (primary versus secondary) can be reconstructed using
demographic models to infer what the most likely scenario is given the observed
patterns of divergence. In a comparative framework, this means that species with
different demographic histories can be used to understand how, for example, primary
and secondary contact may have influenced the evolution of reproductive isolation
between divergent populations. However, results from demographic inference should
be treated with caution as these models can be sensitive to the set of parameters used
(MOMIGLIANO et al. 2020).

Over the North Sea-Baltic Sea transition, contacts were primary or secondary and they
seemed to be independent of dispersal capacity (Table 1). For example, in several
studies based on demographic models of five flatfish species (Pleuronectiformes),
divergence was inferred to be both primary and secondary even though their dispersal
capacity and migratory patterns are similar (DIOPERE et al. 2018; LE MOAN et al. 2019a;
LE MOAN et al. 2019b; MOMIGLIANO et al. 2020).

Most genetic clines were centered at the steepest shift of the salinity gradient
suggesting that once the contact zone is formed, divergent natural selection acts as a
strong ecological (prezygotic) barrier to gene flow between different populations. There
was evidence for divergence being driven by local adaptation and spatial or temporal
segregation (Table 1). Additionally, in field and lab studies where individuals’
performance was measured in the non-native environment, migrants were shown to
perform worse than native individuals (RIGINOS AND CUNNINGHAM 2005; DEFAVERI AND
MERILA 2014; M@LLER NIELSEN et al. 2016; JOHANSSON et al. 2017; RUGIU et al. 2018; BARTH
et al. 2019). However, studies showing the impact of divergent selection on either
development or fitness of hybrids (postzygotic barrier) were mostly lacking. In the
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Atlantic cod (Gadus morhua), where first-generation hybrids are rarely found (Sick
1961; WEIST et al. 2019), postzygotic barrier effects are likely to reduce gene flow

between divergent populations living in the North Sea—Baltic Sea transition.

Table 1. Summary for the reviewed species from the North Sea-Baltic Sea transition. This table and
the references (Refs) are from Table 1 in JOHANNESSON et al. (2020a).

Species Common Dispersal ~ Genetic data®  Fgr Outlier distribution ~ Selection Fitted cline Type of Inferred from  Barrier strength; mechanism®  Refs
name potential® over agency model® zone
zone
Gadus morhua  Atlantic cod High 1.2 million 0.040 Three large Salinity, Toofewdata Secondary Phylogeny Strong; separate spawning [42-48,69]
inversions temperature times, local adaptation
Clupea harengus  Atlantic High 6 million 0.030 Haplotype blocks,  Salinity, Stepped or Primary Demography Weak; local adaptation? [38,56,90]
herring one large temperature  segmented
inversion cline
Patichthys flesus  European High 5472 0.005 Few and Salinity, Segmented Secondary Demography Weak; local adaptation? [39,73]
flounder scattered temperature  cline
P. flesus/ Baltic Low 2051 0.025 Salinity Toofewdata Secondary Demography Strong; separate spawning  [51,52]
Patichthys flounder habitats, local adaptation
solemdali
Scophthalmus Turbot High 3348 0.012 Many scattered Salinity Stepped Primary Demography Moderate; unknown [31]
maximus cline
Pleuronectus European High 6685 0.013 Two inversions Salinity Toofewdata  Primary Demography Weak; unknown [39]
platessa plaice
Limanda limanda  Commondab  High 3468 0.008 Clustered Salinity Stepped Secondary Demography Weak; unknown [39]
cline
Solea solea Commonsole  High 3714 0.003 Very few Toofewdata  Primary Demography Very weak; unknown [40,41]
Ammodytes Small sandeel  High 4039 0.041 Salinity, Segmented Strong; separate spawning  [91,92]
tobianus temperature  cline times?
Hyperoplus Greater High 4328 0.039 Salinity, Stepped Strong; separate spawning  [92,93]
lanceolatus sandeel temperature  cline times?
Symphodus Corkwing Low 50 130 0.120  Only two spurious Stepped or Secondary Demography Strong; density trough [49]
melops wrasse outliers segmented
cline
Labrus bergylta  Ballan wrasse Low 82 0.027 Stepped Moderate; density trough [50]
cline
Pomatoschistus ~ Sandgoby Low 22190 0.020 Distributed Salinity, Toofewdata Secondary Demography Moderate; local adaptation [94,95]
minutus turbidity
Gasterosterus Three-spined  Low 30 000 0.015 Enriched in Salinity, Toofewdata  Primary Demography Moderate; local adaptation  [67,96]
aculeatus stickleback regions temperature
Salmo salar Atlantic High 5034 0.132 Toofewdata Secondary Demography Strong; separate spawning  [8,97]
salmon areas
Ciona intestinalis  Vase tunicate Low 1653 0.180 Salinity Vertical cline  Secondary Demography Strong; partly separate [53,55]
(no test) spawning times, local
adaptation
Idotea baltica ‘Isopod’ Low 33774 0.024 Salinity Linear cline Weak; unknown 98]
Balanus Baybarnacle  High mtDNA, four 0.011  No outliers No cline No barriers [25,99]
improvisus microsatelites
Limecola Baltic clam High 84 AFLPs 0.100 Salinity Linear cline Secondary Phylogeny Weak; unknown [100]
(Macoma) (but see [75])
balthica
Mytilus Blue mussel High 60 0.344 Salinity Stepped Secondary Phylogeny Weak; local adaptation [66,101]
edulis/trossulus cline
Fucus Bladder wrack  Low Five 0.115 Salinity Too few data Weak; local adaptation [22,26,
vesiculosus microsatellites 102-104]
Saccharina Sugarkelp Low Twelve 0.120 Salinity Too few data Unknown [27]
latissima microsatellites
Skeletonema ‘Diatom’ High Eight 0.080 Salinity Segmented Medium; local adaptation [29]
marinoi microsatellites cline

a ‘High’ stands for high potential for gene flow due to a life cycle where the pelagic larva stage lasts
for several weeks and/or adults are highly mobile. ‘Low’ means that gene flow is expected to be low
given that the pelagic larval (or zygote/spore) stage is short and adults are sessile or less mobile.

b Number of SNPs unless it is specified.

¢ The change in genetic divergence over the salinity gradient was analyzed for each taxon separately
using three different models: a linear model compatible with isolation by distance, a stepped cline
model compatible with a scenario with one contact (HARRISON 1993) and a regression model with
segmented relationships (R package ‘segmented’ (MuGGEO 2008)) compatible with a scenario with
more than one contact. The different models were compared using the Akaike Information Criterion.
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dSuggested mechanisms that are not experimentally confirmed are followed by ‘7. Note that other
mechanisms, not yet investigated, might add to barriers.
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Figure 1. Clines and sampling location of 14 species (this figure corresponds to Figure 2 in

JOHANNESSON et al. (2020a)). Top panel: normalized pairwise allele frequency difference (Fst) across
distance from the entrance of the Baltic Sea. Clines (solid lines) and cline centers (dashed lines) were
omitted for species without any contact (Balanus improvisus), species with vertical contact (Ciona
intestinalis), species with contact inside the Baltic Sea (Platichthys flesus/solemdali), five species with
poorly resolved geographic data (Fucus vesiculosus, Saccharina latissima, Solea solea, Pomatoschistus
minutus, Gasterosterus aculeatus), and species without Fsr data (Salmo salar). Bottom panel: Sea-
surface salinity (yearly average) against the same geographic distance.

Of the reviewed marine taxa, two wrasse species showed a sampling distribution that
did not overlap with the region of the steepest salinity shift. For both species, the
change in genetic composition was abrupt and the center of the cline coincided with a
sandy habitat (~60 km long) which is an unsuitable environment for these wrasse
species. Besides this barrier effect due to low population density, for one species
(Symphodus melops), MATTINGSDAL et al. (2020) suggested that the barrier effect due to
divergent selection was small compared to that possibly generated by founder events
during colonization of the North Sea after the last glacial maximum (~21,000 years
ago). Their conclusion was supported by the evidence of genome-wide patterns of
divergence but with only a small number of loci under divergent selection. For the other

wrasse species (Labrus bergylta), a demographic analysis is missing (SELJESTAD et al.
2020).
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Genome-wide data and genome assemblies have become available for an increased
number of non-model organisms and for the reviewed species in the North Sea-Baltic
Sea transition, fish had the largest suite of genomic tools available. Patterns of
divergence varied from extensive differentiation across the entire genome (e.g., Baltic
populations of cod, turbot, herring, and demersal flounder) to a few genomic regions or
loci showing high differentiation between populations (e.g., dab, plaice, pelagic
flounder) (BERG et al. 2015; MOMIGLIANO et al. 2017; LE MOAN et al. 2019a; LE MOAN et al.
2019b; PETTERSSON et al. 2019). Such a diversity of genomic landscapes confirms that
reproductive isolation forms a continuum and using multispecies contact zones like the
one in the Baltic Sea, is a powerful comparative approach for understanding how the
evolution of barriers to gene flow depends on characteristics such as life-history traits
and genomic architecture that are variable across different species.

Variation in a key life-history trait, dispersal potential, is unlikely to explain the
observed variation in genetic divergence. The presence of chromosomal
rearrangements such as inversions is instead more likely to promote divergence
through the accumulation of genes with barrier effects that cannot be disrupted by gene
flow and recombination (BUTLIN 2005; KIRKPATRICK AND BARTON 2006; BUTLIN AND SMADJA
2018; FARIA et al. 2019a). However, inversions were only studied in a handful of species
and so for this conclusion to be general, data from more species are required.
Inversions are also expected to contribute to reproductive isolation by promoting local
adaptation via standing genetic variation. The support for this role comes from two
reviews in which it was shown that inversions are often polymorphic and old
(WELLENREUTHER AND BERNATCHEZ 2018; FARIA et al. 2019a). In the North Sea—Baltic Sea
transition, three fish species were shown to be characterized by inversions that are
older that the Baltic Sea and thus, likely to have facilitated rapid adaptive divergence via
selection on preexisting genetic variation (BARTH et al. 2019; PETTERSSON et al. 2019; LE
MoAN et al. 2020).

The importance of standing genetic variation as a source of adaptive loci for local
adaptation and divergence was also found in the vase tunicate Ciona intestinalis which,
differently from the other reviewed species, shows a vertical distribution over the
transition. The brackish population lives in the surface water and it is genetically
divergent from the high-salinity population which lives below 20 m (DYBERN 1967;
JOHANNESSON et al. 2018). Using demographic models, HUDSON et al. (2020) suggested
that the colonization of the brackish habitat may have been facilitated by ancestral
divergence followed by gene flow between ancestral populations. Like for the vase
tunicate, the two divergent populations of the Baltic flounder were also inferred to have
colonized the new environment separately due to selection on preexisting genetic
variation (MOMIGLIANO et al. 2017).
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This review of species living along the salinity gradient of the North Sea—Baltic Sea
transition summarized what types of barriers to gene flow are present in this
multispecies contact zone. Most of the species that we reviewed showed population
differentiation by divergent selection and/or temporal or spatial segregation. Ancestral
variation seems to promote divergence but dispersal potential could not explain
variation in the genetic difference across the salinity gradient.

Paper II

From the comparisons among species made in Paper I, the barrier effect due to
divergent selection was clear. However, divergent selection does not operate alone on
the available genetic variance and it may also affect types of genetic variants other than
SNPs and chromosomal rearrangements. Polymorphic short insertions and deletions
(INDELs < 50 bp) are abundant, although less common than single nucleotide
polymorphisms (SNPs) (MONTGOMERY et al. 2013). Evidence from model organisms
shows INDELSs to be more strongly influenced by purifying selection than SNPs,
especially in coding regions (CORCORAN et al. 2017; BARTON AND ZENG 2019). Partly for
this reason, INDELS are rarely used as markers for neutral demographic processes or to
detect balancing or divergent selection. In Paper II, I compared INDELs and SNPs in the
Wave and Crab ecotypes of the intertidal snail Littorina saxatilis. Snails were sampled
from the rocky shore of three different islands on the Swedish west coast and each
shore contained two rocky headlands separated by one boulder field, for a total of three
populations (one Crab and two Wave) and two Crab-Wave hybrid zones per island.
Using capture sequencing data from the six hybrid zones, I classified short INDELs and
SNPs into coding and non-coding and found that the number of non-coding SNPs was
five times higher than the number of non-coding INDELs. Non-coding SNPs were nearly
30 times more numerous than coding SNPs while non-coding INDELs were
approximately 50 times more numerous than coding INDELs. The observed reduction in
coding regions was significantly stronger for INDELs than for SNPs and it was consistent
across populations. The different proportion of short INDELs and SNPs in non-coding
and coding categories was the first evidence that purifying selection was stronger
against short INDELs than against SNPs, as expected.

The second piece of evidence for the different impact of purifying selection on short
INDELs and SNPs was obtained from comparing site frequency spectra (SFS) and
Tajima’s (1989) D and Fay and Wu’s (2000) H summary statistics between variant
types. Both SFS and summary statistics patterns suggested that short INDELs were
more affected by purifying selection than SNPs (Figure 2). This effect was clearer in
non-coding than coding variants, most likely due to the difference in sample size. As in
the case of regulatory regions in Drosophila (KoHN et al. 2004) and wild house mice
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(KousATHANAS et al. 2011), I found evidence that non-coding DNA may evolve under
selective constrains also in L. saxatilis.

Patterns of summary statistics also reflected whether the impacts of positive and
balancing selection differed between these variant types. The difference in the relative
values of Tajima’s D and Fay and Wu's H suggested that positive selection may act more
strongly on SNPs than on short INDELs (Figure 2).
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Figure 2. Patterns of Tajima’s D (left panel) and Fay and Wu'’s H (right panel) between INDELs and
SNPs of the non-coding (green) and coding (orange) category. All nine populations are shown (small
dots connected by a line) in addition with the mean across populations (big dots).

Tajima’s D, and Fay and Wu'’s H values are not only driven by demography and selective
processes but they can also be influenced by molecular mechanisms such as allelic gene
conversion (DURET AND GALTIER 2009) and/or polarization errors due to
misidentification between insertions and deletions (HERNANDEZ et al. 2007). These
effects were weak and were hard to distinguish from stochastic variation given the
relatively small sample of variants.

[ then assessed whether divergent selection may also affect differently these two types
of variants. In Paper I, I have done this in two steps. First, [ examined the distribution of
short INDELs and SNPs across the genome as it can tell us whether these variants are
similarly influenced by indirect effects of selection. Second, I analyzed patterns of
divergence between Crab and Wave ecotypes by fitting clines to INDEL and SNP allele
frequencies and compared cline estimates between the two types of variants. Positions
of short INDELs and SNPs across the genome were similar and cline estimates were
mostly shared between the variant types (Figure 3), suggesting that short INDELs and
SNPs are likely to be influenced by loci under direct selection in an equivalent way.
Clustering of short INDELs and SNPs is common in model species (TIAN et al. 2008) and
one potential mechanism for its formation has been suggested to be hitchhiking and
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background selection (HUANG et al. 2014). Still, I found putatively selected regions of the
genome that were uniquely identified by outlier INDELs but these were a minority, as
expected, given that there were overall fewer short INDELs than SNPs.

In conclusion, short INDELSs can potentially be used as genetic markers alongside SNPs
to study evolutionary processes because even though they cluster with SNPs across the
genome, they can still provide information on genomic regions with important
biological functions that are under purifying selection and also identify new regions that
may be important for local adaptation or other barriers to gene flow as they are likely
affected by divergent selection. However, depending on the focus of the study and the
genomic resources available for the biological system(s), SNPs may still outperform
short INDELSs.
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Figure 3. Empirical distribution functions of the cline estimates for short INDELs (red) and SNPs
(pink) (CZD left and right hybrid zone as an example: for the other four hybrid zones, see Figure S6
in SI of Paper II). The cline estimates are the position of the cline center (Centre), the variance in the
data explained by the cline model (Var.Ex) and the allele frequency at the cline end in the Crab
habitat (p_crab) and in the Wave habitat (p_wave).

Paper III

Divergent populations with partially overlapping distributions that still exchange genes
are excellent systems for studying how selection creates and maintains barriers to gene
flow. Theory predicts that single traits with multiple barrier effects may promote
divergence between populations and thus, reproductive isolation, because gene flow
cannot disrupt their joint effects through recombination (SERVEDIO et al. 2011; SMADJA
AND BUTLIN 2011; Kopp et al. 2018). For example, a trait such as body size in Gasterosteus
sticklebacks makes a strong contribution to reproductive isolation because it is under
divergent selection and it is also involved in assortative mating (MCKINNON AND RUNDLE
2002). This association increases the overall barrier to gene flow because it cannot be
opposed by gene flow and recombination (SMADJA AND BUTLIN 2011). There are other
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examples of multiple-effect or magic traits but their impact on gene flow has been
determined in only few cases (SERVEDIO et al. 2011; SMADJA AND BUTLIN 2011).
Additionally, assortative mating is often calculated from experiments where matings are
only possible between individuals of the same or divergent populations without
accounting for the presence of intermediate phenotypes (GILBERT AND STARMER 1985;
ROLAN-ALVAREZ AND CABALLERO 2000). In hybrid zone studies where divergent
populations show incomplete reproductive isolation and form hybrids with
intermediate phenotypes, failing to include hybrids may lead to overestimation of the
strength of assortative mating as a barrier to gene flow (IRWIN 2020).

In Paper II], [ investigated patterns of assortment and their barrier effects in L. saxatilis
hybrid zones with respect to shell size. Shell size is a multiple-effect trait that is under
divergent selection between Crab and Wave ecotypes and contributes to assortative
mating. [ built a model from a large dataset of mating experiments (~4,000 trials) to
describe the probability of mating given an encounter between a male and a female with
specified phenotypes (e.g., shell size and shape). I used this model to infer strengths of
assortative mating and sexual selection in the field, at any point in the hybrid zone, and
used simulations created by a colleague to determine the likely barrier effects, given
these estimates.

“Transect” snails were sampled intensively along four transects on four small islands on
the Swedish west coast and their positions on the transect was recorded. “Reference”
snails were sampled at a different island in Crab and Wave habitats away from the
contact zone and were used as partners in mating trials. In each mating trail, one
transect snail was paired with one reference snail of the opposite sex. Male mounting
position was used for determining whether a mating occurred or not (HOLLANDER et al.
2005).

For the analysis of the mating trials, I fitted the binary mating response using logistic
regression to a skew normal function of the female to male size ratio. The mating
function was fitted to the data from all four islands combined and it showed that the
probability of mating followed a right-skewed distribution with optimal size ratio equal
to pairs in which the male was ~25% smaller than the female (Figure 4). The
probability rapidly approached zero as the male became larger than the female but it
declined more slowly as the male became smaller than the female (Figure 4). Such an
asymmetry indicated a mating advantage for smaller compared to larger males even
when the mean size ratio is equal to the mating optimum. The mating pattern did not
show significant differences between ecotypes and islands and for this reason,
assortative mating, sexual selection and their barrier effects were estimated based on a
mating pattern that was invariant in time and space.

After estimating the parameters of the mating function using data from the mating
experiment, I predicted the consequences of such a mating pattern (i.e., assortative
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mating and sexual selection) in natural conditions based on the distributions of male
and female size across the sampled transects. Mating encounters were not real but were
generated using a custom script for predetermined positions along each transect.
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Figure 4. The asymmetric mating pattern across all islands. Fitted curve and 95% Cls in orange are
superimposed on the observed proportions of matings (blue dots—proportions of trials resulting in
mating for size ratio bins; black error bars—2.5th and 97.5th percentiles).

Size-assortative mating was positive for all transect positions in all four islands,
confirming previous results on size-assortative mating in L. saxatilis and in other marine
gastropods (NG et al. 2019). Its strength was predicted to vary along the transects,
proportionally to the variance in size distribution (Figure 5 and Figure S4 in the
Supplementary Information of Paper III). Sexual selection on male size was predicted to
favor smaller values and lower variance in all the islands and like size-assortative
mating, sexual selection varied along the transects depending on the variance in size
distribution (Figures 5 and S4).

Computer simulations were then performed to understand the contribution of
assortative mating and sexual selection to the barrier to gene flow between ecotypes.
These contributions were analyzed separately and also together. Size evolution was
simulated using cline models across a hybrid zone and the width of the cline was taken
as a measure of the barrier to gene flow (BARTON AND GALE 1993).
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Figure 5. Predicted assortative mating and sexual selection (CZB transect as an example: for the
other three transects, see Figure S4 in the SI of Paper III). Habitat boundaries are marked by black
vertical dashed lines, the Crab habitat is the region inside (gray fill), and the Wave habitat is outside
(white fill) the two dashed lines. Cline facet: In(size) of transect snails in bins (dots with 95% Cls)
and fitted clines (solid lines * SD) for females (in red) and males (in blue). AM facet: strength of
assortative mating measured as the Pearson correlation coefficient (r) between female and male
In(size) of mated pairs. DSS facet: directional component of sexual selection measured as the
difference in mean In(size) of mated males compared to mated plus nonmated males. The black
horizontal dashed line indicates where this component is absent. SSS facet: stabilizing component of
sexual selection calculated as the difference in variance between mated male In(size) and mated plus
nonmated male In(size). The black horizontal dashed line indicates where this component is absent.

A cline model for assortative mating alone showed a clear barrier effect but the
reduction in gene flow was stronger for a cline model that included sexual selection. The
contribution of sexual selection was due to the displacement of the size ratio from the
natural selection optimum and, more importantly, the asymmetry of the mating
function. These two directional components of sexual selection on males are opposed by
natural selection and, at equilibrium, the result is stronger net stabilizing selection. The
barrier to gene flow between the two L. saxatilis ecotypes is then strengthened because
this stronger overall selection is associated with a difference in male fitness optima
between Crab and Wave habitat even though small males have a mating advantage in
both habitats (i.e., sexual selection is uniform and not divergent).
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The result that assortative mating alone is a weak barrier compared to divergent
selection in a hybrid zone supported a recent simulation study (IRWIN 2020) and
emphasized the need to include individuals of intermediate phenotypes whenever the
barrier effect of assortative mating is estimated in partially isolated populations.

Paper IV

Sexual selection can be a powerful force driving trait evolution and divergence. It may
affect traits that are important for assortative mating and adaptation (Paper III) as it
may also affect traits that are involved in fertilization (ANDERSSON 1994). Sperm
characteristics such as quantity and morphology are well-known to evolve under strong
sexual selection as a result of competition for access to the eggs (reviewed by SIMMONS
AND FrrzpATRICK 2012). For instance, in the common dung fly, males that copulated for
longer transferred a larger quantity of ejaculate which was suggested to increase their
reproductive success (MARTIN AND HOSKEN 2002). However, long copulations do not
necessarily mean that more sperm are transferred as males may guard the female to
impede other males from fertilizing her eggs (reviewed in SIMMONS (2001)). Finally,
sperm transfer may also be influenced by population density and predation risk which
are factors that might differ between habitats of a species. As a consequence, the timing
of sperm transfer may diverge between populations living in different habitats,
eventually acting as a barrier to gene flow.

In the highly promiscuous intertidal snail L. saxatilis, copulations vary substantially in
duration, from less than a minute to more than an hour, and it has been assumed that
copulations of a few minutes do not result in any sperm being transferred. In paper 1V, I
examined timing of sperm transfer performing time-controlled copulation trials using L.
saxatilis virgin females and males. | measured sperm transfer indirectly based on the
relationship between proportion of developing embryos carried by the females and
copulation duration interrupted at one, five and ten or more minutes.

[ showed that very short copulations were sufficient for the sperm transport into the
female to begin (Figure 6). Similar timing of sperm transfer was also found in the
opisthobranch sea hare Aplysia parvula (YusA 1994). However, experimental evidence in
other gastropods is mostly unclear and limited to a few species (reviewed by WEGGELAAR
etal 2019).

Costs of mating due to high predation risk have been shown in other species to be
related with short copulation durations and thus, with rapid start to sperm transfer
(e.g., WING 1988; KARLSSON et al. 2010). In L. saxatilis, there is also evidence for high
predation risk (JOHANNESSON et al. 2010b) which may explain why copulations
interrupted at one minute were effective for initiating sperm transfer. However, what is
not explained is the combination of rapid start to sperm transfer but long average
copulation duration (~20 minutes). Hence, in addition to predation risk, other factors
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such as sperm competition and/or cryptic female choice may influence copulation
duration in L. saxatilis.

[ also showed that females involved in interrupted copulations at short, medium and
long duration did not carry different proportions of developing embryos (Figure 6). This
lack of change in proportion of developing embryos with increasing copulation duration
might suggest that sperm transfer is completed quickly and most of the copulation
duration is guarding time. In L. saxatilis, this seems unlikely because guarding for 20
minutes (average copulation time) is probably not an effective strategy when females
are year round reproductively active. Because I did not measure sperm directly, I
cannot exclude the possibility that more sperm were transferred in longer matings.
Sperm transfer may continue and influence male reproductive success and/or female
fitness over longer time-scales and in the presence of sperm competition.
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Figure 6. Proportion of developing offspring in the control and treatments. For each female (black
points), the proportion (y axis) was calculated as the number of developing embryos divided by the
total number of embryos (size of the black points o total number of embryos, range 3-432). For the
control group and each time treatment (x axis), the fitted value (blue points) and 95% confidence
intervals (black bars) were calculated using a beta-binomial model and back-transformed on the
scale for proportions (0 to 1).

DISCUSSION

Contact zones are geographic areas where differentiated populations of the same taxon
or of closely related taxa meet and exchange genes. They are expected to coincide with
habitat transitions, especially when two populations have diverged in situ due to local
adaptation, but they can also be found in the absence of environmental gradients when
two populations, prior to contact, have undergone independent evolution (BARTON AND
HEWITT 1985; SWENSON AND HOWARD 2005). In this thesis, I focus on taxa showing
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differentiated populations with partially overlapping distributions over two
environmental transitions: the North Sea—Baltic Sea salinity gradient where multiple
marine species were found to form contact zones, and the wave exposure—crab
predation transition where the Crab and Wave ecotypes of one species, L. saxatilis, were
examined. Contact zones are excellent study systems for investigating how different
populations coexist despite ongoing gene flow. Multispecies contact zones can be used
for assessing what barrier effects, evolutionary processes, genomic architectures and
life-history traits that are identified in single-species contact zone, are the most
common and thus, important for reproductive isolation. Ultimately, understanding the
processes and components involved in local adaptation and population differentiation
over contact zones will provide us with a clearer picture of how biodiversity is formed,
both within and between species.

In both examples of transitions, there is strong evidence for differences between
environments at either side of the contact being a source of divergent selection. This is
also true for other multispecies contact zones (DIBATTISTA et al. 2015; STANLEY et al.
2018; EL AvAri et al. 2019; but see PATARNELLO et al. 2007). Divergent traits such as egg
buoyancy (NISSLING AND WESTIN 1997), spawning season (CHRISTENSEN et al. 2008) and
shell size (JOHANNESSON 1986) were shown to be favored by differences in selection. In
studies where isolating traits are not known, the evidence for divergent ecological
selection causing reproductive isolation came instead from inferences about reductions
in gene flow based on immigrant fitness (JOHANSSON et al. 2017; RUGIU et al. 2018; BARTH
et al 2019). In all these cases, divergent selection generates prezygotic barriers to gene
flow by reducing interpopulation matings in space and time (i.e., assortative mating).
However, concluding that the most important barrier effects over the studied contact
zones are prezygotic would be erroneous. Estimates of the strength of the barriers are
mostly missing (but see Paper III) and data on postzygotic isolating barriers (low hybrid
fitness) are also lacking. In Atlantic cod, for example, postzygotic barrier effects are
plausible but the specific traits have not been investigated (WEIST et al. 2019). L.
saxatilis instead, might represent an exception for the presence of postzygotic barriers.
Embryo abortion, a potential postzygotic barrier due to genetic incompatibilities, was
suggested to have a negligible effect on gene flow between Crab and Wave ecotypes
(JOHANNESSON et al. 2020b). Strong incompatibilities are usually found between
populations that prior to contact have accumulated genetic differences in isolation
whereas ecotype formation in L. saxatilis is likely to have occurred under continuous
gene flow (BUTLIN et al. 2014), constraining the evolution of genetic incompatibilities.
However, it is still expected for relatively weak postzygotic barrier effects to evolve
between differentiated populations due to the multiple interactions that genes under
divergent selection have with other genes (KULMUNI AND WESTRAM 2017). In addition,
from past reviews of multiple components of reproductive isolation, both prezygotic
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and postzygotic barriers appeared to be generated by divergent selection and thus, be
common during speciation (FUNK et al. 2002; NosIL et al. 2005; LowRy et al. 2008;
MATSUBAYASHI et al. 2010). [ expect these different types of barriers also to be present in
the systems examined in this thesis.

Barrier effects generated by divergent ecological selection are likely to be strong in both
environmental transitions. The genomic patterns of divergence are clear and while
SNPs were the most common type of variants that was used for analyzing these
patterns, [ showed in L. saxatilis that short INDELs can also be used for identifying
genomic regions under selective constraints or important for adaptation and population
divergence. Using both types of variants can help to understand how different processes
such as purifying and divergent selection may interact and affect genomic variation in
the presence of gene flow.

The genomic landscapes are diverse and for the species across the salinity gradient, this
variation appear to be independent of dispersal potential. This seems to be in contrast
with the expectation that dispersal potential should be negatively correlated with
genetic differentiation (BoHONAK 1999) but dispersal is not the only factor affecting
genetic variation. For example, differences in the strength of divergent selection, the
demographic history or the genomic architecture are likely to intervene in complex
ways during the evolution of reproductive isolation (RAVINET et al. 2017). Importantly,
inversions and demographic processes, also examined in L. saxatilis (BUTLIN et al. 2014;
FARIA et al. 2019b), seem to contribute more to the difference in patterns of divergence.
The contribution to reproductive isolation of inversions is broadly known and the
theory is supported by empirical studies (WELLENREUTHER AND BERNATCHEZ 2018; FARIA et
al. 2019a). However, in the case of the North Sea—Baltic Sea transition, the limited
number of species in which inversions have been investigated makes it difficult to
understand how common it is for inversions to promote reproductive isolation. With
respect to demographic processes instead, more data are available which suggest that
divergence can be facilitated by segregation of genetic polymorphisms in ancestral
populations. Standing genetic variation can be maintained by gene flow between
ancestral populations and/or balancing selection on regions of low recombination (e.g.,
inversions). Such preexisting genetic variation can then be selected for in favorable
conditions, promoting rapid adaptation that may act as a barrier to gene flow between
populations in different environments (MARQUES et al. 2019).

Finally, of the evolutionary processes that generate barrier effects at contact zones,
sexual selection is an important candidate. In simulations of the L. saxatilis mating
pattern, gene flow between ecotypes was more reduced by sexual selection than by
assortative mating alone. A weak barrier effect of assortment is likely due to the
opportunity for hybrids to mate inside the hybrid zone and back-cross with either Crab
or Wave populations. This result is similar to what was found in recent simulation
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studies that assortative mating is a less effective barrier than natural selection in a
hybrid zone (IRWIN 2020; METZLER et al. 2020). Hybrid formation and barrier strength of
assortment and sexual selection are largely unexplored in the North Sea—Baltic Sea
transition, possibly because for most marine species, a detailed description of the
mating pattern is unattainable given the challenges of maintaining such species under
laboratory conditions.

In this thesis, [ investigated which types of barriers reduce gene flow between divergent
populations, which selective and demographic processes produce these barriers and
which genomic features are more likely to drive the evolution of reproductive isolation
at contact zones. While there is sufficient knowledge of the impact of divergent
ecological selection on population differentiation, direct evidence of how it causes
reproductive isolation is not well understood. Finding the traits that act as barriers and
their genetic basis would be ideal and it can be achieved with more experimental work
and the available genomic tools. How divergent ecological selection interacts with other
evolutionary processes such as sexual selection and demography is also poorly
understood. However, the development of a framework and guidelines for the study of
reproductive isolation provides us with a solid base to test empirically how different
species form and coexist.
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