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Abstract
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To study the distribution of genetic and phenotypic variation in different environments and at
different spatial scales is important in order to understand the process of local adaptation and
how populations will respond to future climate change. In my thesis I study populations of
moor frogs (Rana arvalis) at different spatial scales, first along a 1700 km latitudinal gradient
(Paper I, II, IV) and, second, in a system of inter-connected wetlands (III, IV). In Paper
I, T present evidence for a major latitudinal break-point in larval life-history traits which is
linked to a post glacial contact zone between two lineages that colonized Scandinavia after
the last ice age. Using Qsr-Fsr comparisons I found divergent selection acting on life-history
traits, where a major source of differentiation comes from the two colonization routes. In
Paper II I focus on genomic variation, demographic history and selection along the gradient.
Using demographic modeling I confirm the proposed demographic history and show historical
signatures of gene flow between regions and over the contact zone. In terms of genetic variation
showing extreme differentiation as well as associations with growing season length I identify
numerous variants under putative divergent selection, some of which have functions relating to
immunity and development. I further show that differentiation outlier variation is higher in the
north, as compared to neutral variation and variation associated with growing season length,
which both decrease with latitude. These patterns are shaped by gene flow over the contact
zone and the increased strength of drift at higher latitudes. I reduce the spatial scale in Paper
III and characterize larval environments, landscape and geographical distance, to partition their
influence on genetic variation. I show that environment explained more of the genetic variation
than landscape and geographic distance, indicating that adaptive divergence can persist under
high gene flow. Using the environmental variables, I identify genetic variants under putative
divergent selection with functions associated with development and immunity. Using data from
both scales, Qs-Fsr comparisons and gene-phenotype associations I show in Paper IV that
selection on both larval traits aligns across scales, whereas selection on plasticity only aligns in
size at metamorphosis. This further connects to the influence of temperature and seasonal time
constraints in colder environments. Finally, I find several genetic variants associated with the
traits and plasticity at both spatial scales with functions relating to immunity and metamorphosis.
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Introduction

Populations inhabiting heterogeneous environments are influenced by an in-
terplay between spatially varying divergent selection pressures, gene flow and
genetic drift. This interplay occurs over large spatial scales (Endler 1977), as
well as over smaller or micro-geographic scales (Richardson et al. 2014), and
if divergent selection is strong enough this may eventually lead to adaptation
to the local environmental conditions (Kawecki & Ebert 2004). Understanding
the genomic and phenotypic basis of this process is important as adapting to
new or changing environments is one of the three main outcomes for popula-
tions and species facing global environmental change, the other two being mi-
gration to more favorable environments or extinction (Williams et al. 2008).

Small scale divergence

Selection acts to maximize individual fitness in a given environment. If the
environments are different enough, divergent selection will push the popula-
tions inhabiting them towards different phenotypic and genetic optima, ulti-
mately resulting in adaptive divergence (Kawecki & Ebert 2004). Over small
geographical scales, the ability of populations to adapt to the local environ-
ment depends on the relative influence of divergent selection pressures, gene
flow and genetic drift (Kawecki & Ebert 2004; Blanquart et al. 2013; Rich-
ardson et al. 2014). In systems like these, where heritable variation is not af-
fected by dispersal limitation, i.e. there is no major influence of isolation-by-
distance (Wright 1943), adaptive divergence can become constrained, or even
hindered by genetic drift and in particular by gene flow between populations
(Résénen & Hendry 2008). Unless selection is very strong, gene flow has tra-
ditionally been viewed as a force constraining adaptive divergence through
gene swamping, where detrimental alleles are introduced into the population
(Haldane 1930). Furthermore, when the amount of gene flow is high adaptive
divergence can also be constrained by phenotypic plasticity, i.e. an organism’s
ability to modify the phenotype in response to changes in the environment
(Schmid & Guillaume 2017). Recently, a more multifaceted view of the influ-
ence of gene flow on adaptive divergence has started to emerge (reviewed in
Tigano & Friesen 2016), emphasizing that unless complete gene swamping
occurs, gene flow may increase adaptive divergence. For example, introduced
novel alleles may yield a higher fitness benefit in the new environment or just
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add to the pool of standing genetic variation upon which selection can act on
if the environment changes (Barret & Schluter 2008; Hedrick 2013). Associ-
ations between environmental heterogeneity and population differentiation,
referred to as isolation-by-environment (Rundle & Nosil 2005; Wang & Sum-
mers 2010), is usually taken as evidence of adaptive divergence. This is espe-
cially the case when environmental differences result in tight associations be-
tween environmental variation and allele frequencies (Kawecki & Ebert 2004;
Sexton et al. 2014). However, these patterns can also be influenced by neutral
processes such as genetic drift and biased dispersal (Wang & Bradburd 2014).

Divergence along environmental gradients

When gene flow between populations is constrained by dispersal limitation
(IBD, Wright 1943), such as along large-scale environmental gradients asso-
ciated with latitude, the effect of gene flow on adaptive divergence may sub-
stantially decrease. Thus, population divergence is mainly shaped by the in-
terplay between spatially varying selection, contemporary genetic drift and the
demographic history of the populations (Eckert et al. 2008; Sexton et al. 2009;
Guo 2012). These processes may complicate any attempt to identify genetic
variants under selection along a gradient or cline, where genetic variation and
environmental variation often co-vary with geographical distance. This may
result in neutral processes producing patterns that mimics our expectations of
divergent selection (Vasemégi 2006). Along large climatic gradients pheno-
typic variation often follows a pattern of counter-gradient variation (Conover
& Schultz 1995). This type of variation represents a form of non-adaptive
plasticity where the environmental influence on a phenotype counteracts the
genetic influence. This ultimately results in the apparent absence of pheno-
typic variation in spite of strong environmental differences, leading to cryptic
population divergence along a gradient. For example, in many high-latitude
ectotherms lower temperatures and shorter growing season favors genetically
faster growth and development as compared to individuals found at lower lat-
itudes. However, this genetic capacity for faster development is usually only
realized when populations are reared in a common environment. As an oppo-
site pattern, co-gradient variation, refers to a situation when the environmental
and genetic influence on a phenotype act in the same direction, leading to
adaptive divergence more easily observed in natural settings (Conover &
Schultz 1995). Phenotypic plasticity in general, may facilitate adaptation
along a gradient by aiding in the establishment of populations in new and
changing environments, as well as by acting as a buffering mechanism until
divergent selection can act on standing genetic variation (Ghalambor et al.
2007).
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Latitudinal gradients are also characterized by a pattern of decreasing genetic
diversity with increasing latitude, where populations at higher latitudes have
lower effective population sizes and less genetic variation (Guo 2012; Adams
& Hadly 2013; Miraldo et al 2016). In Europe in particular, this has been in-
fluenced by glacially mediated range contractions and expansions: when the
ice cover retreated after the last ice age, organisms (re)colonized the areas
previously covered in ice, re-establishing and extending their previous distri-
bution ranges. This has most likely occurred through serial founder events and
population bottlenecks, as well as in different selective environments as or-
ganisms expanded their range northwards (Hewitt 2000; 2004). Possibly, also
aided by the evolution of increased phenotypic plasticity at the expansion
front, which is often found in current day populations towards their range mar-
gins (Lancaster et al. 2015; Orizaola & Laurila 2016). In Europe, many species
emerged from multiple glacial refugia, representing separate phylogeographic
lineages. They colonized Central and Northern Europe from different direc-
tions, leading to the formation of secondary contact zones where gene flow
between the lineages may occur (Hewitt 2000; 2004). Gene flow over the con-
tact zones can be of both a neutral and adaptive nature (Linnen et al. 2008;
Carvalho et al. 2010; Harrington et al. 2018), and may lead to the formation
of evolutionary novelty at the vicinity of the contact zone.

Amphibian population divergence

Adaptive divergence has previously been shown along environmental gradi-
ents in ectotherms at different spatial scales (Hoffman & Weeks 2007; Cheng
et al. 2012; Campbell-Staton et al. 2017; Brennan et al 2018), including am-
phibians (Berven & Gill 1983; Laugen et al. 2003; Palo et al. 2003; Lindgren
& Laurila 2009; Orizaola et al. 2010; Lind et al. 2011; Richter-Boix et al.
2011, 2013, 2015). However, previous amphibian studies have contributed to
our understanding of population divergence along environmental gradients by
mostly focusing on phenotypic traits, using at most a handful of microsatellite
markers. By taking a more genome-wide approach on adaptive divergence
along environmental gradients, which has generally been lacking (but see Bo-
nin et al. 2006; Guo et al. 2016; Yang et al. 2016; Pastenes et al 2017; Czypi-
onka et al. 2018), we can obtain a broader view of selection throughout the
genome as well as being able to take demographic history into account. More-
over, none of these previous studies has focused on genome-wide latitudinal
divergence. Amphibians with their complex life cycles represent a good model
system for investigating large and small-scale adaptive divergence since many
species have wide geographical distributions that cover different habitat types
and thermal regimes. Amphibians, like other ectotherms are at higher latitudes
exposed to lower temperatures and stronger seasonal time constraints com-
pared to their southern counterparts, and these spatially varying climatic
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conditions can impose strong selection pressures (Blanckenhorn 1991; Niel-
sen et al. 2009; Prasad et al. 2011; Swaegers et al. 2015; Machado et al. 2016).
Understanding these processes is also important because due to habitat alter-
ation, emerging infectious disease and climate change amphibians are cur-
rently recognized as the most threatened group of vertebrates (IUCN 2019).
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Research aims

In this thesis I investigate the influence of divergent selection, genetic drift
and demographic history on adaptive divergence and the spatial distribution
of genomic and phenotypic variation in populations of the moor frog (Rana
arvalis) in northern Europe. I first characterize the distribution of, and selec-
tion on, variation in fitness related larval life-history traits and the influence
of latitude and demographic history along a 1700km latitudinal gradient span-
ning from northern Germany to northern Sweden, hereafter referred to as the
latitudinal gradient experiment (LGE) (Paper I). Then, using genomic data [
characterize large-scale population structure and the distribution of neutral
and putatively adaptive genetic variation, and reconstruct post-glacial demo-
graphic history of the populations along the latitudinal gradient (Paper II). I
then zoom in, looking at a smaller spatial scale and the influence of differences
in larval environment, landscape and spatial separation on adaptive genomic
divergence in a network of wetlands in central Sweden, hereafter referred to
as small-scale experiment (SSE) (Paper III). Finally, in Paper 1V, I investi-
gate differences in selection on phenotypic plasticity in the two basal life his-
tory traits investigated in Paper I, by comparing selection patterns using the
SSE and LGE data and conducting association studies in order to identify can-
didate genes related to variation in these traits.
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Methods

Study species (Paper I, 11, 11, IV)

Rana arvalis is a wide-spread amphibian found mainly in temperate environ-
ments from western Europe to western Siberia (Babik et al. 2004; Sillero et al.
2014). It is an explosive breeder inhabiting temporary and permanent ponds,
marshes and lakes. At higher latitudes, R. arvalis populations are seasonally
time constrained, with large variation in breeding time and considerably
shorter growing season in the north (Paper L, II). After the last glacial maxi-
mum, R. arvalis colonized Scandinavia from two different directions, one en-
tering from the north via Finland and the other one entering from the south via
Denmark. The two lineages form a contact zone somewhere between Uppland
and Visterbotten counties in central Sweden, but the exact location of the con-
tact zone is unknown (Knopp & Merild 2009, Cortazar-Chinarro et al. 2017;
Fig. 1).

Sample collection and common garden experiments
(Paper I, IL, 11, IV)

Eggs were collected in 13 populations for LGE (Fig. 1) in 2014, with two
additional populations from Northern Germany sampled in 2015, spanning al-
most the entire latitudinal distribution of R. arvalis. Eggs were collected from
10 egg clumps in each population, each egg clump representing a separate,
presumably unrelated family. All study populations bred in open-canopy per-
manent ponds, surrounded by mixed forests and agricultural land. The dis-
tance between populations within each region ranged between 8 and 50 km
(average 20 km). Variation in the seasonal time constraint along the latitudinal
gradient is indicated by the large difference in growing season length (161 to
278 days), defined as the number of days when mean temperature reaches
>5°C, averaged over 10 years.
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Fig. 1. Map of sampling localities in LGE in blue and SSE in red. In SSE map, the population colored blue
was sampled in both LGE and SSE. The red arrows show the direction of post-glacial colonization and
dashed lines the approximate location of the secondary contact zone. For LGE a) Lower Saxony, b) Skéne,

¢) Uppland, d) Visterbotten, d) Norrbotten.

In SSE 16-20 egg clumps were collected from each of 9 populations in 2016.
These populations, located in the county of Uppland near Uppsala (Fig. 1),
inhabit a mixture of forest, marsh and open field ponds that differ in terms of
canopy cover, temperature, pH, predator abundance, amount of aquatic vege-
tation and breeding time. The distance between the ponds varied between 1.1
and 42.6 km, but other, more closely located ponds that has not been sampled
here, allow for dispersal between the ponds (Richter-Boix et al. 2013). Tad-
poles from populations collected in 2014 for LGE and from 7 of the 9 popu-
lations collected for SSE were raised in two common garden experiments that

15



were set up identically for both studies. Eggs were kept in 0.75 1 plastic vials
until hatchlings reached stage 25 (Gosner 1960), when they were transferred
to individual 0.75 I plastic containers kept in two different temperatures (16°C
& 19°C) with a photoperiod of 16 h light: 8 h dark. In LGE, six larvae from
each of the 10 families were raised in each of the two temperatures. In SSE,
three larvae from each of the 16-20 families were raised in each temperature.
Water was changed every 3™ day in conjunction with feeding the growing
larvae chopped spinach ad [libitum. The experiment continued until larvae
reached metamorphosis (emergence of the first forelimb; Gosner stage 42), at
which stage the metamorphs were euthanized with an overdose of MS222 and
preserved in 96% ethanol at -20°C for DNA extraction. Larval period, defined
as the number of days elapsed between Gosner stages 25 and 42 and mass at
metamorphosis (dry weight in grams) were scored. These life-history traits are
closely linked with future fitness (Altwegg & Reyer 2003; Earl & Whiteman
2015). In Paper 1, the composite trait growth rate was also calculated, defined
as mass at metamorphosis divided by larval period (g/days). In Paper 1V,
plasticity index for larval period and mass at metamorphosis was calculated
using the difference between individual trait values within families between
the temperature treatments. Following Lind et al. (2011) the plasticity index
was defined as the difference in trait value between a specified individual
within a family in the 16°C treatment and the 19°C treatment.

Local larval environments (Paper III) were characterized by measuring can-
opy cover, mean temperature, predation risk index, aquatic vegetation, pH,
and breeding time in each wetland. Canopy cover was measured in early June
by visually estimating the amount of non-visible sky into 10% categories for
each pond (Korhonen et al. 2006). Temperature, as the average over two
months following egg-laying, was measured using data loggers (HOBO Water
temp Pro v2 Data Logger) set to record every 15 minutes. Predation risk was
estimated by counting macro-invertebrates and newts collected using five
standardized dip net sweeps at each of five locations in each wetland and then
calculating predation risk index following Michel (2011) and Carlson & Lang-
kilde (2014). The percentage of aquatic vegetation cover was estimated along
a 15m transect (Palik et al. 2001). pH was measured at the time of egg laying
using a multi-parameter device (HANNA instruments). Lastly, breeding time
was defined as the number of days from January first, until eggs were discov-
ered in the ponds. R. arvalis is an explosive breeder with a very short egg-
laying period (Richter-Boix et al. 2013), and the date when fresh eggs are first
found provides a good proxy of breeding date.

The eggs were laid between 29th of March and 18th of April with a maximum
breeding time difference of 20 days. In order to characterize the landscape and
how that influences population differentiation (Paper III), four landscape var-
iables were measured around each of the nine sites by summing up data using
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circular buffer zone at a spatial scale of 2000 m, as this is the most common
movement distance in amphibians (Smith & Green 2005). The amount of ar-
able land defined as cropland and fruit farms was measured by using topo-
graphic vector maps converted into raster format. Mature forest was quantified
using k-Nearest-Neighbour-raster (Reese et al. 2003) originally at 25 m x 25
m resolution and due to low volume accuracy at the original scale (Gjertsen
2007) aggregated to 100 m x 100 m by averaging. Total road length was esti-
mated by summing up the total length of roads within the 2000 m buffer zone.
Lastly, a connectivity index was measured using a kernel estimation weighted
by distance (smoothing curve of 5 km from each pond), where every pond
represents a pixel that is given a value based on the number of adjacent ponds.
We also included the perimeter of the surrounding ponds, where longer shore-
lines result in higher values, as vegetated shallow shores are important habitats
for R. arvalis. All landscape data were processed in ArcMap 10.6 (ArcGIS,
ESRI, Redlands, CA, USA).

DNA extraction and ddRADseq (Paper I, 11, 11, IV)

Genomic DNA was extracted from the hind legs of metamorphosing individ-
uals. One individual was used for DNA extraction from each family, resulting
in a total of 150 individuals in LGE and 163 individuals in SSE. To extract
DNA, a modified version of the High salt extraction protocol by Paxton et al.
(1996) was follwed, with an added extra ethanol precipitation step for clean-
ing. Libraries for double digest restriction-site associated DNA sequencing
(ddRADseq) were prepared in an identical manner in LGE and SSE following
the protocol of Johansson et al. 2017 (modified from Peterson et al. 2012;
Mastretta-Yanes et al. 2015). DNA was digested using the restriction enzymes
SbfI-HF, which has a longer recognition site and thus cuts more infrequently,
and Msel which is a more frequent cutter. Digestion lasted for 18 hours and
success was confirmed by gel electrophoresis. 16 P1 adapters containing a
unique 6-bp barcode and a P2 adapter were ligated to the digested DNA, and
the ligation product was cleaned using AMPure XP beads. Four separate PCRs
were then performed for each sample in order to alleviate any stochastic and
biased amplification, using PCR primers containing 12 unique indices allow-
ing multiplexing of a total of 192 individuals. Size selection of the pooled
amplified product was then performed on agarose gel, with bands between
~400-600 bp (LGE) and ~350-600 bp (SSE) extracted. Libraries were se-
quenced by SciLifeLab in Uppsala on the [llumina Hiseq 2500 (2x125) in high
throughput mode in two (LGE) or four (SSE) lanes.
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ddRAD bioinformatics (Paper I, II, 11, IV)

The software package STACKS (Catchen et al. 2013) was used for bioinfor-
matic processing of raw ddRADseq reads. Version 1.42 was used for LGE
data and version 2.1 for SSE. The workflow was similar for the two sequenc-
ing runs, where raw reads were first cleaned and de-multiplexed using the
STACKS program process_radtags. To reconstruct loci and call SNPs, the
denovo_map pipeline was used for LGE data, whereas each sub-program in
the denovo_map pipeline was run separately for SSE. In order to maximize
the number of variant sites obtained from both data sets a parameter optimi-
zation approach was used. The key parameters (-m, -M, -n) in version 1.42
and (-m, -n) in version 2.1 were optimized by running the program with pa-
rameter setting differing by one step multiple times in order to evaluate which
parameter combination resulted in the largest number of SNPs without too
large drop in coverage. After the parameter optimization was completed, the
last step of the pipeline, the populations program, was re-run with stricter fil-
tering to obtain the final SNP data set. Filtering options employed in this last
step were a minor allele frequency cutoff of 5% in LGE and 2% in SSE. A
SNP was only considered valid if it occurred in at least 13 populations and
70% of the individuals in LGE and 9 populations (7 for Paper IV) and 70%
of the individuals in SSE. Finally, based on the filtering steps above and only
obtaining the first SNP on each RAD-tag, in-files for downstream analysis,
such as VCF and plink, were created and population level summary statistics,
such as expected and observed heterozygosity (Hg, Ho), inbreeding coefficient
(Fis) and nucleotide diversity () were calculated.

Data analyses

Identifying differentiation outliers under putative divergent
selection

The SNP data sets were scanned for signatures of divergent selection based
on SNPs showing higher than usual association with the major axes describing
population structure (i.e. differentiation outliers) using the R package pcadapt
(Luu et al. 2017: Paper 11, III). In Paper 11, an Fst based method were used
based on ancestry coefficients estimated using sparse non-negative matrix fac-
torization, implemented in the R package LEA v. 1.8.1 (Frichot & Francois
2015).
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Genetic variation, structure, admixture and demographic history

Global and pair-wise Fsr were calculated for LGE (Paper II) and SSE (Paper
M) with assigner v.0.4.1 (Gosselin et al. 2016) using the total SNP data set.
Population structure were estimated using only the neutral part of the data sets,
where SNPs showing a signature of putative divergent selection were filtered
out. To infer population structure the programs admixture v.1.3 (Alexander et
al. 2009: Paper I), the spatially informed algorithm in the R package tess3r
(Caye et al. 2016, 2017: Paper II, III), principal component analysis (PCA)
in the R package adegenet v.2.1.1 (Jombart 2008; Jombart & Ahmed 2011:
Paper II) and discriminant analysis of principal components (DAPC) in
adegenet v.2.1.1 (Paper III) were used. Hybrid indices were used to estimate
the amount of gene flow over the secondary contact zone between the two
colonizing lineages, and comparisons were made between neutral SNPs and
SNPs under putative divergent selection, estimated in the R package gghybrid
(Bailey 2018), based on the method of Buerkle (2005) (Paper II). The post-
glacial demographic history of the populations along the latitudinal gradient
was inferred using demographic model selection in fastsimcoal 2.6 (Excoffier
et al. 2013: Paper II). Eight models corresponding to different post-glacial
demographic histories were simulated and compared to the empirical data us-
ing differences in model likelihood values and Akaike information criteria.
95% confidence intervals around the parameter point estimates for the best
fitting model were obtained by parametric bootstrap.

In order to estimate genetic variation distributed along the gradient, diversity
indices such as nucleotide diversity were regressed with latitude (Paper II).
Hierarchical F statistics (Fst) were calculated for 1000 (Paper I) or 5000 neu-
tral SNPs (Paper IV) using the R package hierfstat 0.04-22 (Goudet & Jom-
bart 2015). Hierarchical estimates of quantitative trait differentiation (Qsr:
Chapuis et al. 2007) were calculated for larval life history traits and pheno-
typic plasticity using variance components estimated from nested linear mixed
models in /me4 v. 1.1-21 (Bates et al. 2015). Inference of selection was done
by using these two estimates of differentiation and simulating a neutral distri-
bution of Qsr values (Whitlock & Guillaume 2009), using the method imple-
mented in Lind et al. (2011). Linear mixed models implemented in Ime4 were
used to estimate the effect of temperature and population origin on phenotypic
variation (Paper L, IV) and plasticity (Paper IV). Finally, redundancy analy-
sis (Paper III), and mantel tests (Paper 11, III), both implemented in the R
package vegan 2.5-5 (Oksanen et al. 2018) were used to estimate the relative
influence of local larval environment, landscape features and geographic dis-
tance on total genetic variation and differentiation.
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Gene-environment and gene-phenotype association studies

As many association methods require complete data, missing genotypes were
first imputed using random forest on-the-fly imputation (Tang & Ishwaran
2017) in the randomForestSRC package v.2.7 (Ishwaran & Kogalur 2007; Ish-
waran et al. 2008) implemented through the grur package v.0.0.11 (Gosselin
2018: Paper II1, IV). Latent factor mixed models implemented in the R pack-
age LEA (Paper IL, III) were then used to estimate the selective influence of
local larval environment and growing season length in a univariate frame-
work. Furthermore, redundancy analysis implemented in the R package vegan
was used to estimate divergent selection pressures in the local larval environ-
ment in a multivariate framework (Paper III). Finally, Bayesian sparse linear
mixed models implemented in the software package GEMMA v.0.98 (Zhou &
Stephens 2012; Zhou et al. 2013) were used to find associations between SNPs
and the two larval life-history traits and their plasticity in SSE and LGE (Pa-
per IV).
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Results and discussion

Paper I: Post-glacial colonization routes coincide with a
life-history breakpoint along a latitudinal gradient

Here I explored the influence of post-glacially mediated range expansion as
well as latitudinal effects on divergence in larval life-history traits tightly as-
sociated with fitness in R. arvalis. 1 did so by comparing differentiation in
quantitative traits (Qsr) and neutral genetic differentiation (Fsr) along the gra-
dient. The proposed phylogeographic structuring was corroborated by admix-
ture analysis using 1000 neutral SNPs, showing a clear separation between the
south and the north representing two lineages at K=2. However, I found that
the optimal K was 5, corresponding to the geographic sampling regions. This
means that neutral genetic variation was mostly shaped by strong isolation-
by-distance (IBD) and post-glacial demographic history. The pattern of strong
IBD was further supported by a highly significant mantel test. By calculating
hierarchical F statistics (Fsr), I found strong differentiation between the colo-
nization routes as well as among the regions within colonization routes. Dif-
ferentiation among populations within regions was low and comparable to
small-scale differentiation found previously (Richter-Boix et al. 2013).

Focusing on larval life-history traits, using linear mixed models I found strong
regional differences in all three traits (larval period, mass at metamorphosis
and growth rate), and significant region-by-temperature interactions for all
three traits, indicating that variation in these traits in part depended on the
thermal environment. In the common garden, larvae originating from the
northern part of the gradient had a higher mass at metamorphosis and devel-
oped and grew faster than larvae from the south (Fig. 2). These results reveal
counter-gradient variation along the gradient, where northern individuals de-
veloped and grew faster at high temperature (19°C) compared to southern in-
dividuals, but where lower temperature (16°C) counteracted the genetic ca-
pacity for faster development by reducing the rate of development and growth.
These results agree with earlier latitudinal studies on amphibians (Laugen et
al. 2003; Palo et al. 2003; Orizaola et al. 2010). Counter-gradient variation is
a common latitudinal pattern in ectotherms (Conover et al. 2009). Mass at
metamorphosis, however, was always higher in northern individuals and es-
pecially so at low temperatures while there was very little difference between
the temperature treatments in the south.
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Fig. 2. Population means + SE in LGE for a) larval period and b) mass at metamorphosis in two tempera-

tures.

This pattern follows co-gradient variation where the environmental and ge-
netic influences on the phenotypes goes in the same direction (Conover &
Schultz 1995). These phenotypic differences are explained in terms of sea-
sonal time constraints where selection favors a fast developing and growing
phenotype at higher latitudes. However, due to the overall lower temperature
in the northern region the capacity can only be utilized during windows of
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opportunity, i.e. at peak temperatures (Orizaola & Laurila 2016), possibly due
to physiological constraints at lower temperatures. Higher mass at metamor-
phosis, on the other hand, is beneficial at northern latitudes because it conveys
a higher chance of survival during the extended overwintering period (Alt-
wegg & Reyer 2003; Munch et al. 2003). I found that a large part of latitudinal
larval life-history divergence was due to differences among the two coloniza-
tion lineages for essentially all three traits, with a larger Qsr than Fst among
routes. This would indicate that divergent selection has shaped phenotypic
differences between the two routes, likely as a result of different selection
pressures encountered during range expansion as well as during adaptation to
local circumstances after colonization. With the exception of larval period at
16°C and globally, and for mass at metamorphosis at 16°C, I found little evi-
dence that divergent selection is acting on phenotypic variation among regions
within colonization routes. This could be the result of environmental similarity
within the southern route and possibly relatively smaller differences in sea-
sonal time constraints among regions within the northern route compared to
between colonization routes. Interestingly, the phenotypic breakpoint (Fig. 2)
separating the two routes is associated with the secondary contact zone, with
the regions of Visterbotten and Uppland located at each side of the zone
(Fig.1). Gene flow between the two routes could explain the large phenotypic
differences between temperatures and the long larval period at 19°C in the
Uppland region (Fig. 2a). Among populations within regions I only found ev-
idence of divergent selection (Qsr> Fsr) for larval period in both temperatures
and globally, whereas for the other two traits divergent selection could not be
differentiated from drift in any temperature, most likely due to the similarities
of the environments within regions.
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Paper II: Latitudinal divergence in a widespread
amphibian: Contrasting patterns of neutral and adaptive
genomic variation

Analyzing 27 590 SNPs using the two differentiation outlier approaches
pcadapt and Fst in LEA 1 identified a total of 812 candidate SNPs under puta-
tive divergent selection. 446 of these were identified by pcadapt, 129 of these
were associated with principal component 1 (PC1) separating the two coloni-
zation lineages, and 85 with PC2 separating regions within the two lineages

(Fig. 3).
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Fig. 3. PCA of the populations along the latitudinal gradient using the neutral part of the data set.

Using LEA, 1 identified additional 631 SNPs with Fst values ranging between
0.603 — 0.975. However, the two methods only converged on 265 candidate
SNPs. Using BLAST, I matched a small number of the RAD-tags containing
the differentiation outlier candidate SNPs to known proteins and genes. Of
particular interest were hits that matched a protein similar to bifunctional
apoptosis regulator, which suppresses cell death in mammals (Zhang et al.
2000). As apoptosis is an important component of amphibian metamorphosis
involving large-scale restructuring of larval morphological features into ter-
restrial morphology (Nakajima et al. 2005), this provides a possible develop-
mental link in latitudinal adaptation. Furthermore, I obtained two matches to
two immune system-related genes ECSIT and Brevinin-2CE. ECSIT has di-
verse functions, being involved in the innate immune system, (Kopp et al.
1999), bone morphogenic protein signaling pathway (Lin et al. 2017; Wang et
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al. 2018), and in stress response to salinity and cold in Arabidopsis (Furuya et
al. 2013). Brevinin 2-CE is an antimicrobial peptide that is secreted on the
skin of amphibians and protects against bacteria, viruses and fungal pathogens
(Conlon et al. 2004; Rollins-Smith & Conlon 2005; Rollins-Smith 2009). This
finding agrees with previous studies highlighting the importance of immune
gene variation along this latitudinal gradient (Cortazar-Chinarro et al. 2017,
2018), which is most likely linked to the decrease in pathogen diversity to-
wards higher latitudes (Schemske et al. 2009).
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Fig. 4. Tess3 ancestry plots of populations along the latitudinal gradient for a) K=2 and b) K=5 based on

the neutral part of the data set.

Using growing season length as an explanatory variable in latent factor linear
mixed models I identified 290 candidate SNPs associated with growing season
length. However, only 11 of these converged with the differentiation outlier
candidates. Using BLAST, I identified another position within Brevinin-2CE
as well as larval-specific keratin gene. The latter gene is involved in the con-
version of larval to adult epidermis during metamorphosis and its expression
is regulated by thyroid hormones (Suzuki et al. 2001). I then filtered out the
candidates identified by all three methods in order to create a neutral data set
for analysis of population structure and demographic history.

Using the spatially informed method tess3r [ found evidence of strong neutral
population structure using 26500 SNPs, corresponding to the same patterns of
structure as in Paper I. However, I also found evidence of admixture between
the two regions on each side of the secondary contact zone at K=2 (Fig. 4a),
as well as population structure corresponding the geographic regions at K=5
(Fig. 4b). In the PCA I found five distinct clusters and the major axis of vari-
ation (PC1) separated the two colonization lineages, with PC2 separating the
two latitudinal end points from the remaining three regions (Fig. 3). Using
demographic model selection in the software fastsimcoal2, I found that the
model best fitting the data, with the lowest delta likelihood and AIC, described
the demographic scenario of two lineages colonizing the latitudinal gradient
after the last glacial maximum. Furthermore, I found bidirectional gene flow
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occurring between the adjacent regions as well as over the secondary contact
zone after establishment (Fig. 5). Point estimates of the large number of pa-
rameters for the model had wide confidence intervals indicating a high degree
of uncertainty. I observed an expected decrease in effective population size
with increasing latitude and towards the limits of the latitudinal range for each
lineage. For time of divergence, I found that the oldest split, the one between
the southern and northern lineage had a point estimate of ~70 000 years before
present, which predates the last glacial maximum. The second oldest split, be-
tween Lower Saxony and the two southern Swedish regions had a point esti-
mate of ~39 000 years which also indicates that the split predates the range
expansion after the ice receded. However, the wide confidence intervals in-
clude post LGM times as well. This means that either the second oldest split
occurred in the refugia, when the latitudinal gradient was covered with ice, or
after LGM when the southern lineage expanded its distribution range. Based
on the point estimates, the two most recent splits, between Skane and Uppland
and between Norrbotten and Vasterbotten occurred ~5400 and ~4700 years
before present, i.e. well after LGM. However, the upper end of the confidence
intervals overlaps somewhat with a time with the current range was covered
in ice.
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Fig. 5. Best fitting demographic model, with regional effective population sizes (N), migrations between

adjacent regions (m) and divergence times (TDIV).

I found that the amount of gene flow that has occurred between regions was
fairly low, which is not surprising given the philopatric nature of amphibians
(Blaustein et al. 1994; Smith & Green 2005). Interestingly, the amount of gene
flow over the contact zone was estimated to be considerably higher in the
southward than northward direction, highlighting the possible influence of
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environmental factors and increased seasonal time constraints as an obstacle
for southern individuals to become established in the north. Furthermore, 1
place the position of the contact zone between the two lineages in between the
regions Visterbotten in the north and Uppland in the south, which is several
hundreds of kilometers south from the position estimated in a previous study
(Knopp & Merild 2009).
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Fig.6. Hybrid index estimation with credible intervals for neutral variation (green), differentiation outliers

(blue) and growing season length associated variation (red). Parental populations are colored purple.

Using hybrid index estimation, I obtained further support for gene flow based
on neutral variation having occurred across the secondary contact zone (Fig.
6), with slightly higher northern ancestry in the region on the southern side of
the contact zone than vice versa. Furthermore, hybrid indices for SNPs under
putative divergent selection revealed contrasting patterns depending on
whether the SNPs were identified as differentiation outliers, or if they were
associated with growing season length. In differentiation outliers, the northern
populations had a higher number of southern alleles than vice versa. For SNPs
associated with growing season length, the northern populations had a very
small number of shared alleles with the south, whereas the southern popula-
tion has a large number of northern alleles. Taken together this would indicate
a more unidirectional pattern of gene flow. Another possible explanation is
that differentiation outlier alleles from the south are either more favorable or
removed to a lesser extent if they arrive in the northern regions than vice versa.
If the alleles are associated with growing season length however, southern al-
leles are expected to be detrimental in the northern regions and possibly either
beneficial or neutral if they are coming from the north into the southern
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regions. The pattern of shared alleles for growing season length associated
SNPs fits rather well with the pattern of strong seasonal time constraints in the
north. Alleles from the south have been removed from the northern popula-
tions as they could be maladaptive, whereas on the other hand northern alleles
are either favorable or neutral in the south and hence persist to a greater extent.
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Fig. 7. Regression of nucleotide diversity with latitude = SE, within each lineage for a) neutral (solid line)
and differentiation outliers (dashed line) and b) neutral (solid line) and growing season length associated

variation (dashed line).

Based on the distribution of nucleotide diversity for each population along the
gradient I observed contrasting patterns of variation along the gradient by re-
gressing nucleotide diversity with latitude (Fig. 7). As expected, within the
southern lineage neutral nucleotide diversity decreases with increasing lati-
tude (Eckert et al. 2008; Guo 2012). Within the northern lineage, nucleotide
diversity was lower than within the southern lineage, but did not change sig-
nificantly with latitude. For differentiation outliers however, the pattern was
the opposite with higher levels of diversity within the northern lineage. In the
southern linage nucleotide diversity was lower in all populations compared to
the northern lineage, variation was lowest in Skéne and highest in the mid
Swedish region of Uppland. Within the northern lineage, diversity signifi-
cantly decreased with increasing latitude. This could be the result of adaptive
gene flow from the south to the north, which is corroborated by the hybrid
index estimation. This pattern could be strengthened by higher levels of ge-
netic drift in the north counteracting the directional effect of selection, main-
taining higher diversity at these sites. Nucleotide diversity for growing season
associated SNPs decreased in a similar manner as neutral diversity within the
southern lineage. Within the northern lineage, diversity was considerably
lower compared to the south but did not decrease with latitude. As suggested
above, this can be explained by stronger selection associated with seasonal
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time constraints in the north reducing variation, whereas selection is more re-
laxed within the southern lineage.

Paper I1I: Small-scale divergence is driven by local
larval environment in a temperate amphibian

Using the total data set, I found low levels of global population differentiation
(Fst=10.0277, 95CI 0.0274-0.0282) and low pair-wise Fst between all popu-
lation pairs (0.0111 — 0.0417) in SSE. Using only the neutral part of the data
set, where candidate SNPs from gene-environment association and differenti-
ation outlier analysis (see below) were removed, the discriminant analysis of
principal components (DAPC) revealed the presence of five to six fairly dis-
crete clusters separated by the first two axes (Fig. 8).
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Fig. 8. Small scale neutral population structuring revealed by DAPC.

This pattern of population structure was further supported by estimation of
ancestry coefficients by tess3r where the optimal number of populations (K)
lies between 6 and 8, where each population forming a discrete cluster with
the exception of the populations immediately adjacent to each other. Although
I did not explicitly estimate gene flow, the low levels of differentiation com-
bined with admixture inferred using tess3 are both indicators that relatively
high gene flow is in fact occurring in this system. Even though some of the
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populations are further apart then the maximum dispersal distance of R. arva-
lis (Vos etal. 2001), the study area is characterized by interconnected wetlands
not sampled in the present study (Richter-Boix et al. 2013).
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Fig. 9. RDA plot showing environmentally based ordination in the small-scale system. The relative size of

the environmental vectors denotes their influence.

Using partial redundancy analysis (pRDA) to partition the relative influence
of local larval environment, landscape features and geographical distance on
total genetic variation, I found that local larval environment explains a signif-
icant proportion of total genetic variation (2.3%) after controlling for geo-
graphical distance, resulting in fairly clear environmental ordination of the
populations in the landscape (Fig. 9). Local larval environment explains more
variation than the landscape features (1.8%) after controlling for distance and
when only including geographical distance (0.8%). Since all models were
highly significant (p<0.001), these results indicate isolation-by-environment,
isolation-by-distance and isolation-by-landscape-resistance, with all three fac-
tors shaping divergence in the small-scale system of wetlands. However, par-
tial mantel tests to estimate the correlation between genetic distance and envi-
ronmental, geographical and landscape distances indicated that only environ-
mental and geographical distance matrices were significantly correlated with
genetic differentiation. Using the pRDA and the univariate LFMM for gene-
environment association I found that larval environmental differences were
associated with variation in a fairly large number of SNPs at this small scale.
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Reflecting the low levels of population differentiation in this system, using
pcadapt 1 only found 29 differentiation outliers and could not annotate any of
them using BLAST. Using pRDA, I identified 576 candidate SNPs associated
with the local larval environment. The most important environmental variable
was canopy cover having the largest number of SNPs with the highest corre-
lation to this variable, followed by mean temperature, pH, breeding time, pre-
dation risk index and amount of aquatic vegetation in their respective order of
importance. The environment explained 9.6% of the total variation in pRDA-
identified candidates. Using the univariate LFMM I identified 547 candidates
associated with the environment. The relative importance of the individual
environmental variables was quite different compared to the pRDA, with
breeding time identifying most candidates followed by predation risk index,
amount of aquatic vegetation, canopy cover, pH and mean temperature. The
combined effect of the environment explained less of the identified LFMM
candidates (5.2%) than for pRDA. The two methods converged on 123 SNPs
resulting in a total of 1000 unique candidate SNPs under putative environmen-
tally mediated divergent selection.

Using BLAST, I matched RAD-tags containing environment-associated SNPs
to 32 known genes or genomic regions and 21 proteins of which 8 matched
hypothetical or unknown proteins. The matches have various biological func-
tions, with a handful of genes and proteins related to immune system function
and amphibian development. For example, I obtained a match to the same an-
timicrobial peptide as I identified in Paper II, Brevinin-2CE correlated to
mean temperature, as well as an additional antimicrobial peptide Palustrin-
2CE most correlated to pH. Additionally I identified the immune genes MHC
class I, which is part of the adaptive immune system (Braciale et al. 1987),
and here most correlated to the amount of aquatic vegetation, TRIM25 which
is part of the regulating antiviral response (Martin-Vicente et al. 2017) and
NLRP3 (inflammasome), which is part of the response to viral infections and
cellular damage (Jin & Flavell 2010). The last two genes were most correlated
with mean temperature. This is in line with previous studies showing the in-
fluence of local pond environmental characteristics on disease risk (Johnson
et al. 2006; Holt & Roy 2007; Becker et al. 2012; Heard et al. 2014). Genes
with potential involvement in development were ITGB1, Mab21 and DAGLB
(Lau et al. 2001; Darribere et al. 2012; Oudin et al. 2011) most correlated with
mean temperature, pH and breeding time, respectively. Interestingly, I ob-
tained two matches to thyrotropin-releasing hormone receptor 1 (TRHR1) that
was most correlated to breeding time and pH. This gene stimulates the release
of growth hormone and prolactine, which promote growth and inhibit amphib-
ian metamorphosis (reviewed in Galas et al. 2009). Taken together, my results
show that even small scale local environmental characteristics can result in
strong enough selection to counteract the effects of genetic drift and gene flow
resulting in detectable genomic signatures of adaptive divergence.
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Paper IV: Divergence and plasticity of larval life-history
align at different spatial scales in a high-latitude
amphibian

Using Qsr-Fst analyses I explored the patterns of selection on larval life-his-
tory trait and plasticity in R.arvalis at two different spatial scales. I also con-
ducted genotype-phenotype association studies in order to identify candidate
genes shaping variation in traits and plasticity across the two scales. In Paper
L, I found strong regional, temperature and interactive effects on larval period,
mass at metamorphosis and growth rate. Here, I only analyzed the two basal
traits larval period and mass at metamorphosis in SSE (Fig. 10) and found
strong population and temperature effects on larval period, but no population
X temperature interaction. For mass at metamorphosis only the temperature
effect was significant. I found a strong regional effect on plasticity index for
larval period and mass at metamorphosis in LGE. In SSE, the population ef-
fect on plasticity of mass at metamorphosis was significant, but this was not
the case in larval period plasticity (Fig. 11).

In SSE, differentiation in larval period was significantly different from neutral
expectations in both temperatures, indicating divergent selection acting on the
trait (Qst>Fst). This was not the case in mass at metamorphosis (Qst~Fsr),
with the exception of a slightly larger Qsr at 19°C. This pattern aligns with the
results of LGE in Paper I, where there was evidence for divergent selection
among populations within regions for larval period in all temperatures, but not
for mass at metamorphosis. In LGE, I found evidence of divergent selection
on plasticity of both larval period and mass at metamorphosis among the re-
gions and among populations within the regions. For the top hierarchical level
among colonization routes however, | obtained a singular fit in the model
yielding zero variance, and thus a Qsr= 0. This is most likely a result of model
complexity and the amount of data, and should not be taken as evidence of
lack of selection on plasticity among colonization routes. In SSE, I found ev-
idence of divergent selection on plasticity for mass at metamorphosis but not
for larval period. Taken together, SSE mirror LGE with respect to selection
acting on larval life-history traits and mass at metamorphosis plasticity as a
result of time constraints and variation in the thermal environment. Interest-
ingly, along the latitudinal gradient the highest plasticity is observed in Up-
pland followed by the two northernmost regions which represents the end
points of the post glacial range expansion. This is in line with previous studies
that has found that populations distributed towards the range margins of a dis-
tribution tend to evolve higher levels of plasticity (Lancaster et al. 2015; Ori-
zaola & Laurila 2016). The higher plasticity in Uppland compared to Vas-
terbotten further north could be explained by the patterns of gene flow through
secondary contact which I showed in Paper II, where northern alleles
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associated with seasonal time constraints in the north have been able to move
southwards.
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With a total of 123 individuals and 22425 SNPs for SSE and 116 individuals
and 18892 SNPs for LGE, using Bayesian sparse linear mixed models and a
less conservative significance threshold (PIP>0.01) I identified a number of
SNPs associated with each trait and plasticity, and a smaller number passing
a more conservative threshold (PIP>0.1). I also found that estimates of pro-
portion of variance explained by all SNPs, or chip heritability, as well as the
proportion of variance explained by large effect genes, were very high with
wide equal tailed posterior intervals, most likely inflated due to low sample
size and marker number (Pallares et al. 2014). After searching for similar
genes and proteins using BLAST of the RAD-tags containing the associated
SNPs I obtained a small number of matches. One of these matches, associated
with mass at metamorphosis plasticity and larval period in SSE, was thyrotro-
pin-releasing hormone receptor 1 (TRHR1), which I identified as a candidate
under putative divergent selection in Paper III. Since this gene inhibits met-
amorphosis and promotes growth by hormone secretion (reviewed in Galas et
al. 2009), it is interesting that I found this gene associated with variation in
mass at metamorphosis plasticity and larval period. This hormone binding re-
ceptor interacts with the thyroid hormone cascade (Morley 1981), and this
aligns with the previously identified candidate gene C/EBP-1 for larval period
and mass at metamorphosis at both spatial scales, which is part of the same
cascade (Richter-Boix et al. 2013; Meyer-Lucht et al. 2019). I also identified
the protein similar to bifunctional apoptosis regulator, which showed evidence
of divergent selection in Papers II and III. Here, I found it associated with
mass at metamorphosis plasticity and larval period.

Furthermore, I identified the antimicrobial peptide (AMP) genes Brevinin-
2CE and Palustrin-2CE, that were also found in Paper III to be associated
with the local larval environment. Here, in LGE I found Brevinin-2CE asso-
ciated with mass at metamorphosis and its plasticity, and Palustrin-2CE with
mass at metamorphosis, larval period and larval period plasticity. In SSE I
found that Palustrin-2CE is also associated with larval period. At first sight
these associations might seem curious, but a recent study investigating the ex-
pression of AMPs in 17 species of amphibians found that fast-developing spe-
cies had lower AMP expression compared to slow developers highlighting the
potential trade-off between development rate and investment in immune func-
tion (Woodhams et al. 2016). Similar trade-offs have been observed in other
species (Stoks et al. 2006; Gervasi & Foufopoulos 2007; Hoverman et al.
2011), including R. arvalis (Murillo-Rincon et al. 2017). The results of this
paper highlight the influence of post-glacial demographic history, latitudinal
patterns relating to seasonal time constrains and pathogens, and small-scale
environmental differences in shaping trait divergence and plasticity.
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Conclusions and future directions

In my thesis I have focused on the interplay between divergent selection and
demographic history and how this shapes genomic and phenotypic variation
at different spatial scales. Overall the results show a tight connection between
divergence and various time constraints imposed by seasonality and local ther-
mal environments. I show in Paper I that a major source of divergence along
a 1700km latitudinal gradient are the two phylogeographic lineages colonizing
Scandinavia from two different directions, creating a phenotypic break-point
associated with a zone of secondary contact. Thus, divergent selection pres-
sures during post glacial colonization and after establishment, together with
the seasonal time constraints experienced at higher latitudes have strongly
shaped the observable divergence in three important larval life-history traits.

In Paper II, I utilize the same study design but focus on the latitudinal distri-
bution of genomic variation. Here, by reconstructing the post glacial demo-
graphic history I confirm that these are in fact two lineages that diverged be-
fore the last glacial maximum, and where historically gene flow has occurred
between regions and more importantly over the secondary contact zone. This
was further supported by estimating admixture/hybridization of the regions on
each side of the contact zone. In this paper I also find a signature of divergent
selection in numerous loci showing high levels of differentiation and associa-
tion with growing season length with biological functions relating to immun-
ity and development. Comparing variation at neutral and selected sites reveals
contrasting patterns along the latitudinal gradient. Neutral variation and vari-
ation associated with growing season length decreases with latitude. However,
variation identified based on high levels of differentiation show elevated lev-
els of diversity at higher latitudes. I propose that this is a combination of adap-
tive and/or maladaptive gene flow over the secondary contact zone, together
with elevated levels of genetic drift in the north.

In Paper III I considerably reduce the spatial scale under investigation by
looking at populations distributed in a network of connected wetlands in the
mid Swedish region of Uppland. Here I characterize the relative influence of
local larval environment, landscape features and geographical separation on
total genetic variation. I find that the pond environment explains more varia-
tion than landscape characteristics and that geographical separation explains
arelatively small yet significant part of genetic variation. This shows that even
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over a small spatial scale with ample opportunity for gene flow there is isola-
tion-by-environment, isolation-by-landscape and isolation-by-distance all
contributing to adaptive and neutral divergence. I find a fairly large number
of SNPs associated with the local larval environment, with a wide range of
biological functions such as immunity and development. These results show
that selection imposed by local, small-scale conditions is strong enough to
counteract drift and gene flow.

Finally, in Paper IV I simultaneously consider both spatial scales and focus
on the distribution of phenotypic plasticity and how it is shaped by divergent
selection and demographic processes. I also use a gene-phenotype association
approach to identify candidate SNPs shaping variation in larval life-history
traits and plasticity. I find that plasticity for larval period and mass at meta-
morphosis are both shaped by divergent selection in LGE. In SSE I find, how-
ever, that mass at metamorphosis as a trait shows no signature of divergent
selection, but mass at metamorphosis plasticity does, and the opposite is true
for larval period and its plasticity. This pattern is also mirrored at the local
scale in LGE. I find that plasticity is highest in the north, and especially around
each side of the secondary contact zone which represents the end point of each
lineage’s latitudinal distribution. Overall both in this paper and in Paper I, |
find evidence of counter-gradient variation in larval period at both scales and
co-gradient variation in mass at metamorphosis in LGE. I find a number of
SNPs associated with the larval life-history traits and plasticity, and much like
in Paper Il and Paper I1I these are involved in development and growth as well
as immunity. This indicates a potential trade-off between larval development
rate and investment in immune defense.

In terms of future research perspectives, there is certainly a need to focus in
and around the secondary contact zone in order to better capture gene flow
dynamics and distribution of adaptive genetic and phenotypic variation. With
this in mind, a second replicated latitudinal gradient, preferably on the eastern
side of the Baltic would yield further insights to the postglacial demographic
history of R. arvalis. This would also greatly improve our estimation of selec-
tion acting in the genome, as well as aid in teasing apart the confounding ef-
fects of the one-dimensional environmental gradient. The 4+ years that have
passed since I started working on this thesis have resulted in technical im-
provements and significant decrease in price of various sequencing options.
In order to better understand the genomic basis of adaptive divergence and
phenotypic variation both at a large and small scale, a denser genome-wide
marker panel would be highly beneficial and, with current genomic tech-
niques, highly feasible. In more general terms we still know very little about
how adaptive phenotypic variation corresponds to variation at the genome
level, both in terms of single nucleotide variation and structural variation, and
new mutations versus standing genetic variation. Furthermore, investigations
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into the regulatory mechanisms governing changes in gene expression be-
tween contrasting environments is a necessary step to get a more complete
picture of how the genome shapes phenotypic variation and adaptive diver-

gence.
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Svensk sammanfattning

Populationer utspridda i heterogena miljoer utsetts for ett samspel mellan di-
vergent selektion som varierar rumsligt, genflode och genetisk drift. Samspe-
let pagér Gver stora geografiska distanser samt distanser som skulle karakteri-
seras som mikrogeografiska, dér effekten av divergent selektion kan leda till
lokala anpassningar. Det &r viktigt att forstd den genomiska och fenotypiska
bakgrunden av lokala anpassningar eftersom det 4r en av de mdjliga utfallen
av klimatfordndringar. Ett kraftfullt sétt att studera effekter av olika klimat pa
populationers genetiska och fenotypiska variation 4r att anvénda storskaliga
miljogradienter, s& som latitudinella gradienter. Populationer utspridda langs
saddana gradienter dr ofta karaktériserade av en historia av migration over re-
lativt langa distanser nér de koloniserade ldmpliga habitat vid hogre latitud
som tidigare var tickt av is under senaste istiden. Latitudinella gradienter ar
ocksa ofta karaktériserade av ett monster som kallas for kontragradient vari-
ation. Det betyder att vid hogre latitud s& motsétter sig miljoinfluensen pé en
fenotyp, exempelvis laga medeltemperaturer i norr, den genetiska riktningen
for att uttrycka den fenotypen, vilket ofta leder till reducerad fenotypisk vari-
ation langs gradienten, men resulterar i kryptisk divergens. Motsatsen dr med-
gradient variation nir miljons paverkan gar i samma riktning som den gene-
tiska paverkan pé fenotypen vilket resulterar i observerbar divergens lings
gradienten.

I min avhandling sé& fokuserar jag pa hur divergent selektion och demografisk
historia formar genomisk och fenotypisk variation pé olika geografiska skalor.
Rent generellt s visar mina resultat att det finns en tét koppling mellan popu-
lationsdivergens och diverse tidsméssiga begransningar som ett resultat av
skillnader i sésongsldngd och temperatur. I Artikel I visar jag att ldngs en
1700 km latitudgradient att divergens i livshistoriekaraktirer under larvstadiet
som &r direkt kopplad till framtida fitness &r formade av latitudprocesser och
demografisk historia. En stor del av divergensen ar kopplad till de tva fylogeo-
grafiska linjer som éaterkoloniserade Skandinavien fran tva olika riktningar ef-
ter den senaste istiden. Det har resulterat i en fenotypisk brytpunkt kopplad
till en zon av sekundér kontakt efter aterkoloniseringen. Sammanslaget sé in-
nebdr det att divergenta selektionstryck under processen av aterkolonisering
samt efter populationerna har etablerats, kombinerat med sésongsmissiga
tidsbegransningar vid hogre latitud har format en stor del av den observerbara
divergensen i tre viktiga livshistoriekaraktarer.
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I Artikel II anvénder jag populationerna frén samma latitudgradient men hér
fokuserar jag pd fordelning av genomisk variation langs gradienten. Jag re-
konstruerar den demografiska historian for populationerna langs gradienten
med fokus pa vad som hinde efter senaste istiden. Har visar jag att tva fylogeo-
grafiska linjer som aterkoloniserade Skandinavien divergerade innan senaste
glaciala maxima. Jag visar ocksa hur genflode har pagatt mellan regioner och
framforallt 6ver den sekundéra kontaktzonen. Det hér resultatet stods dven av
mina hybridestimat som visar pa stor méngd delat ursprung mellan regionerna
som ligger pa bada sidorna av den sekundira kontaktzonen. I den hér artikeln
sa presenterar jag dven resultat som visar en signatur av divergent selektion
pa manga loci, antingen som en konsekvens av extrem differentiering eller
som en association med ldngden pa tillvixtsdsongen lidngs gradienten. De
identifierade loci har biologiska funktioner relaterat till immunsystemfunktion
och embryouteveckling mfl. Genom att jamfora genetisk variation i neutrala
och selekterade loci lings gradienten visar jag olikheter i hur de fordelas ba-
serat pa latitud. Variation som evolverar neutralt och selekterad variation som
ar associerad med tillvaxtsdsong minskar med 6kad latitud. Selekterad variat-
ion som identifierats baserat pa extrem differentiering visar 6kade nivéer vid
hogre latitud. Det hdr monstret har mest troligt formats av en kombination av
genflode 6ver kontaktzonen, dér nivan beror delvis pa om variationen ar gynn-
sam eller inte pa vardera sida om kontaktzonen samt, tillsammans med 6kade
nivaer genetisk drift i de norra regionerna.

I Artikel I1I s& minskar jag den geografiska skalan avsevért genom att studera
populationer som hirstammar fran ett smaskaligt ndtverk av vatmarker i Upp-
land med god konnektivitet. Har undersoker jag den relativa paverkan av den
lokala miljon som grodlarverna vaxer upp i, aspekter av landskapet samt geo-
grafisk distans pa total genetisk variation. Jag visar hir att den lokala miljon
forklarar mer total genetisk variation dn landskap och att geografisk distans
forklarar en relativt liten del av variationen. Det hir innebér att trots en liten
geografisk skala med god mdjlighet for genfldde finner jag att isolering base-
rat pa miljon, landskap och geografisk distans alla bidrar till att forma adaptiv
och neutral divergens. Jag identifierar dven ett ganska stort antal genetiska
markdrer associerade med lokala miljon, markorerna i fraga matchar gener
och protein med en biologisk funktion relaterat till immunsystem och utveckl-
ing. Det hér visar pa att selektionstrycket fran den lokala miljon &r stark nog
att motsétta sig genetisk drift och genflode.

Slutligen, i Artikel I'V s& undersoker jag bada geografiska skalor fran tidigare
artiklar samtidigt. Jag fokuserar hir pa fordelning av variation av fenotypisk
plasticitet och hur det har formats av divergent selektion och demografiska
processer. Jag anvander mig dven av fenotyp-genotypassociation analyser for
att identifiera genetiska markorer som bidrar till variation I livshistoriekarak-
tarer och plasticitet. Jag finner att plasticitet for larvperiod och vikt vid
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metamorfos dr bada formade av divergent selektion ldngs den latitudinella
gradienten. Langs gradienten &r plasticitet hogst inom de norra regionerna,
speciellt i regionerna som ligger pa bada sidorna av den sekundira kontaktzo-
nen. P4 den mindre geografiska skalan i vatmarken i Uppland s& observerar
jag ingen signatur av divergent selektion pa vikt vid metamorfos, men pé plas-
ticitet av den egenskapen. Jag observerar dock det motsatta nir det kommer
till larvperiod och plasticitet i den egenskapen. Rent dvergripande sé visar jag
i bade Artikel I och i den hér artikeln resultat som tyder pa kontragradient
variation i larvperiod samt medgradient variation i storlek vid metamorfos
langs gradienten. Slutligen sé identifierar jag en rad genetiska markorer asso-
cierade med livshistoriekaraktirer och plasticitet. Precis som I Artikel II och
Artikel I11 sé ar de mest intressanta markorerna involverade | immunsystemet
och utveckling, vilket I den hér artikeln tyder pa en avviagning mellan utveckl-
ingshastighet och tidig immunrespons.
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