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Abstract

Abstract

This study investigates the factors influencing the geographic distribution and adaptive
potential of Arabidopsis lyrata subsp. lyrata, a plant species with a restricted distribution in
Northern America. The research addresses questions posed by ecologists and evolutionary
biologists regarding the limitations of species adaptation and the drivers of geographic
distribution. The study integrates ecological and evolutionary perspectives. On the one hand,
by exploring the interplay of ecological constraints resulting from steep environmental
gradients. On the other hand, evolutionary challenges of genetic drift, reduced genetic diversity,
and trade-offs between adaptive traits. The focus is on the southern range edge, where climate
change is expected to impose rapid and frequent environmental shifts.

Chapter I investigates how genetic diversity is maintained in a dynamic dune landscape,
revealing signs of local adaptation through a genome-wide association study. The analyses
identify outlier genes associated with reproductive development, highlighting the role of
landscape features and climate in driving genetic differentiation.

Chapter II explores genetic constraints on traits of adaptation using a greenhouse stress
experiment that simulates climatic conditions at the southern range edge. While phenotypic
performance differences suggest synergistic effects under multi-stress conditions, genetic
variance-covariance matrices reveal complex patterns with potential limitations to multivariate
genetic variation. Constraints between growth traits and their divergence from selection
pressure emphasize the challenges of adapting to changing environmental conditions.

Chapter III examines the genomic basis of the differences in performance using a
natural selection experiment along the southern range edge in the USA. Family effects within
the greenhouse experiment explain a high fraction of the observed variance, emphasizing the

complexity of natural environments. Gene-level analysis reveals low overlap between
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treatment and common garden sites for the same trait, highlighting the intricate genetic
pathways involved in trait establishment.

In conclusion, the study highlights the complexity of genetic processes shaping
adaptive potential. While genetic variability is present under range edge conditions, the multi-
environmental nature introduces genetic constraints. The study underscores the importance of
considering landscape context and genetic complexities in understanding a species' adaptive
responses to environmental changes. The speed of adaptation remains a question, demanding
further experiments focusing on real-time evolution. Additionally, broader genetic analyses and
microclimate studies may provide deeper insights into the traits and genes underlying adaptive

potential at the southern range edge.
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Introduction

General introduction

An ecological niche is described by the environmental conditions where a species can maintain
viable populations (Hutchinson, 1957), and if dispersal limitation can be ruled out, coincides
with species distribution limits (Hargreaves et al., 2014). Since decades, it has been an open
question in ecology and evolutionary biology why species cannot broaden their niche easily.

On the one hand, ecologists propose that distribution limits occur due to restricted
dispersal abilities of species and restrictions to their ecological niche (Lee-Yaw et al., 2018;
Paccard et al., 2016; Willi & Van Buskirk, 2019). Evolutionary biologists, on the other hand,
posit that distribution limits occur due to limits to adaptation. Adaptation can be limited because
of increased genetic drift and decreased genetic diversity at range edges, reducing the ability
of species to adapt to new environmental conditions (Lee-Yaw et al., 2018; Paccard et al., 2016;
Willi & Van Buskirk, 2019). Alternatively, biased dispersal from diverse central populations
may cause maladaptation at range edges (Kirkpatrick & Barton, 1997), which can occur in
species with high dispersing capabilities over relatively short and steep environmental
gradients. A further hypothesis is that a species’ niche is the result of trade-offs in
environmental tolerances that constrain adaptation and thus manifest as range limits
(MacArthur, 1972). Due to this interplay of ecological restrictions coupled with the mentioned
evolutionary problems species at range limits are especially vulnerable to environmental
change.

A systematic change in environmental conditions is involved in many range limits
(Tomasini et al., 2022). Environments within a species’ distribution are heterogeneous, but
along a latitudinal or elevational gradient they change gradually (Leinonen et al., 2009). This
can include, increasing day lengths towards the poles during summer, higher temperatures to
the equator, and lower precipitation starting from mid-latitude regions (excluding rain forests;

Ritter, 2024), and stronger radiation and shorter vegetation periods at higher altitudes (Billings,
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1974). As these changes deviate from the optimal conditions a species requires, we observe
reduced species abundances at boundaries of their distribution. This pattern has been described
as the abundant-centre hypothesis (Brown, 1984). As a result, fewer individuals are capable of
surviving in these suboptimal conditions, reducing the number of successful gene variants, thus
enhancing genetic drift, and reducing genetic diversity necessary for species to adapt to new
environments or fluctuating conditions (Eckert et al., 2010; Willi & Van Buskirk, 2019).
Further, as these edge populations are smaller and more isolated from the centre, probably
through biased dispersal by steep selection gradients, gene flow is restricted and the chance for
the fixation of maladaptive genes is increased, leading to reduced local adaptation (Kawecki,
2008; Whitlock, 2000; Willi & Van Buskirk, 2019).

Another reason for range limits may involve trade-offs — genetic correlations between
adaptive traits. They can be caused by pleiotropic antagonism, one gene controls more than one
trait, with traits having conflicting effects (Rose, 1983) or linkage — alleles do not segregate
independently (Pulst, 1999). Historically, trade-offs between life-history traits have been
studied extensively (Stearns, 1992), and most trade-offs emerge related to growth and
development (Lande, 1980; Stearns, 1989). Examples are manifold, e.g., increased thermal
resistance in ectotherms with the cost of reduced growth or longevity (Burraco et al., 2020),
constraints between longevity and body size in Drosophila (Norry & Loeschcke, 2002) or
defence investment reduces growth in multiple plant species (Lind et al., 2013). Recent work
on 100 Brassicaceae species across the Alps revealed that faster growth under heat resulted in
reduced leaf and plant size, indicating the presence of a trade-off which might constrain
adaptation to warming conditions (Maccagni & Willi, 2022) and the evolution of favourable
traits at species margins (Hoffmann & Blows, 1994). Genetic constraints can be tested by
determining genetic variance-covariance matrices (G-matrices) between different traits of

adaptation (Arnold, 1992; Lande, 1979), with the dimensionality of the G-matrix indicating the
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level of genetic constraint (Kirkpatrick, 2009). The divergence of a G-matrix from vector of
population divergence can further be used to estimate the direction (Schluter, 1996) and the
response of selection (Blows & Hoftmann, 2005; Hansen & Houle, 2008), indicating the
selective potential of the species under the giving environmental pressures.

Species distribution models have been used to predict a species persistence under
ongoing climate change (e.g., Cursach et al., 2020; Heikkinen et al., 2006; Lee-Yaw et al.,
2018). These models focused on the known restriction of distributions by steep environmental
conditions and reduced genetic variation (Phillips, 2012; Polechova & Barton, 2015). However,
consider selection to be multivariate, nor that selection occurs on suites of correlated characters
(Antonovics, 1976; Lande & Arnold, 1983). In recent years, and with the development of
efficient, affordable, and fast sequencing techniques it is now possible to investigate the
underlying genetics and involved traits in adaptive responses to environmental stress on a wider
range of traits, individuals, and species using genome-wide association studies (GWAS).
Adding these insights to existing distribution model approaches can help to better predict the
reaction of a species under climate change (Capblancq et al., 2020; Exposito-Alonso, 2023), as
well as indicate possible starting points for assisted gene flow in threatened species, reducing
the potential of introducing maladapted genes (Aitken & Whitlock, 2013).

In summary, species distributions, especially distributions coinciding with a species’
ecological niche, can be explained by an interplay of multiple ecological as well as evolutionary
factors. However, under ongoing climate change it is essential to know the specific underlying
genetics and genetic constraints that could limit species’ distributions, to further predict the

survival of populations and species at their range edges.

Study system

In this thesis, I use Arabidopsis lyrata ssp. lyrata, as the model species to investigate the
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genetics of adaptation at its range margins. [ study genetic trade-offs under multi-
environmental stress, and the genomic backbone of selection at the southern edge of its
distribution. Arabidopsis lyrata has become a commonly used species in genome- and
adaptation-related studies (Leinonen et al., 2011; Ross-Ibarra et al., 2008). One reason for this
is that the three subspecies of A. [yrata have a circumpolar distribution with, A. [. kamchatica
in Canada and northern Asia, 4. . petraea in north-central Europe, and 4. /. [yrata in northern
America (Al-Shehbaz & O’Kane, 2002), and are found in a wide range of different habitats.
This opens the possibility of studying adaptations to different climatic conditions in
populations sharing a closer genomic background. Further, 4. /yrata is a sister species of the
model organism A. thaliana (L.) Heynh., with a relatively short divergence time of
approximately 10-11 million years (Hanada et al., 2018), and a sequence identity of values
greater than 80%, which provides a powerful toolbox for genetic studies (Hu et al., 2011).
Arabidopsis . [yrata in North America is mainly outcrossing, with some selfing populations at
the range margins. In previous studies, it was shown that 4. /. lyrata in North America is
genetically divided into two clusters, an eastern and a western one, with some evidence of
admixture in the Lake Erie region (Griffin & Willi, 2014; Willi & Méittinen, 2010).

The distribution of Arabidopsis lyrata ssp. lyrata, henceforth referred to as A. lyrata, in
the United States and Canada is known to be restricted in the north and south by niche
limitations (Lee-Yaw et al., 2018). Under ongoing climate change, frequent changes of
temperature, and precipitation patterns are expected, and have already changed drastically
along the southern range edge of species distributions (Dore, 2005). Increased species
extinctions at the warm ends of species’ distributions have already been observed, e.g., in plant
species of the Alps and marine ecosystems (Fredston-Hermann et al., 2020; Pinsky et al., 2019;
Rumpf et al., 2019). Therefore, 4. lyrata is a prime candidate to investigate which climatic,

phenotypic, and genetic factors might hinder adaptation at its southern range limit.
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As a pioneer species, A. [yrata occurs on nutrient poor, sandy dunes or rocky outcrops
along riverbanks and shorelines. The species is perennial with a basal rosette and 10 mm long
white flowers. Flowering mainly occurs in early spring, but autumn flowering can be seen.
Arabidopsis lyrata is mostly pollinated by bees and flies, e.g., Syrphids, and Bombyliids
(Sanchez-Castro et al., 2022). Seeds mainly germinate in the autumn of seed set, and seedlings
produce a sufficient rosette before winter onset.

This thesis will mainly work with one population in the southern centre of the species
distribution, which harbours a high level of genetic diversity (Griffin & Willi, 2014; Willi &
Maittanen, 2010, 2010). Interestingly, despite its central location, it harbours the same clinal
variation in the four traits varying the most along the latitudinal gradient, including
reproductive development and size (Paccard et al., 2014; Wos & Willi, 2015), making it the

prime study population.

Research questions

Based on the described theories I investigated in my thesis, whether local adaptation to a
dynamic landscape helps to maintain a high level of genetic variance in fitness related traits
(Chapter I). Secondly, I conducted a greenhouse stress experiment to assess the genetic
variances and covariances matrices (G-matrix) of life cycle related growth traits, Hereby, I
want to reveal possible trade-offs that might reduce the evolutionary potential of a plant species
reacting to different environmental selection pressures (Chapter II). Lastly, I performed a
natural selection experiment along the southern range edge of a plant species to assess the
genomic basis of performance differences, and whether responses to selection can be predicted

(Chapter III).
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Abstract

Spatial variation in habitat features may lead to local adaptation even over short geographic
scales and promote the maintenance of adaptive genetic diversity within populations. Here, we
tested for the genomic footprint of such adaptation to different ecological aspects of a dune
landscape by scanning for outlier genes associated with landscape parameters and phenotypic
traits related to them. Our study system was a population of North American Arabidopsis
lyrata. Seeds from across the dune landscape were collected, plants raised, and their phenology,
growth, thermal resistance, and the shape and trichome of leaves assessed under greenhouse
conditions. Using whole-genome sequences we performed genotype-environment and
genotype-phenotype associations (GEAs and GPAs, respectively), quantified dispersal
distances, and tested whether outlier genes harboured heightened diversity. We found several
associations, despite marginal evidence for restricted gene flow over distance. The trait most
commonly involved was time to flowering, and in line, out of the twelve overlapping candidate
genes in GEAs and GPAs with known function, seven are involved in growth or reproductive
development. Our findings further suggested that the transient patterns of adaptation likely
involved genetic change at many loci each with small effect, and some evidence of weak
dominance inheritance beyond additivity. Lastly, candidate genes had increased genetic
diversity, but runs of homozygosity did not differ. Our study supports that transient adaptation
over micro-habitat gradients can be polygenic with small effect genes, and that it increases the
maintenance of adaptive genetic variation within populations, despite the homogenizing effect

of gene flow.

Keywords: dispersal distance, genetic differentiation, genome-wide association, landscape

genetics, microhabitat adaptation.
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Introduction

Why populations harbor high genetic variation for expressed traits has remained an enigma for
evolutionary biology (Hine et al., 2022). The drivers of genetic variation in isolated
populations are mutation, genetic drift, and selection (Wright, 1969; Lacy, 1997). However,
theoretical models considering these processes cannot easily explain e.g., the typically high
heritability values of traits found in natural populations (Barton & Turelli, 1989; Johnson &
Barton, 2005). Theory which aimed to resolve the enigma attributed a likely important role to
antagonistic pleiotropy (Barton, 1990). Another potentially interfering role may play selection
if it is not uniform across the population but variable, leading to spatial islands of possibly
transient divergent adaptation (Birger, 2010; Spichtig & Kawecki, 2004). Here we investigated
on a genomic level fine-scale genetic differentiation associated with features of a
heterogeneous habitat that may select for different traits and genotypes, leading to high
genomic variation segregating within a population.

Selection can affect genetic variation in populations in diverse ways (Willi et al., 2006).
Stabilizing selection, which is commonly a key player in theory of genetic variation for
expressed traits, can maintain some genetic variation if it is not too strong (Charlesworth, 2015;
Becker et al., 2022). Divergent selection, e.g., leading to local adaptation varying over space,
can augment genetic variation as different genotypes are favored (Kingsolver & Pfennig, 2007,
Nosil et al., 2009). Local adaptation is affected by and multi-entwined with habitat structure,
the strength of selection and dispersal ability (Forester et al., 2016; Reisch et al., 2021). Local
adaptation is favored if the habitat is heterogeneous, and dispersal relative to selection is low
(Lenormand, 2002; Yeaman & Whitlock, 2011). Though some dispersal can also be favorable
for local adaptation to evolve if a population harbors generally low levels of genetic variation
(Barton, 2001).

Studies on local adaptation have traditionally focused on divergent selection across
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mono-environmental gradients and phenotypic traits varying among populations of a species,
both theoretically (e.g., Holt and Gaines, 1992; Kirkpatrick and Barton, 1997) and empirically
(Kawecki & Ebert, 2004). Divergence among populations has been tested in many common
garden experiments (Colautti et al., 2010; Leinonen et al., 2009) or transplant experiments in
the field (Agren & Schemske, 2012; Fournier-Level et al., 2011). Common garden
experiments have the advantage of comparing populations of known environmental origins
and therefore the possibility of associating traits with environment. However, such testing
does not allow direct inference about whether trait differences are adaptive. Transplant
experiments have the advantage of testing for adaptive differences, but it remains often
unknown what the trait-environment associations are that lead to heightened fitness. More
recently, landscape genetics has provided new tools to link traits with the environment, by
testing for associations between genetic variants and environmental gradients (Challa &
Neelapu, 2018; Jump & Pefiuelas, 2005; Temesgen et al., 2021). Downstream analysis can
indicate the genes and traits involved in differentiation (e.g., Thoen et al., 2017; Verslues et
al., 2014). While this type of method has been commonly applied over large geographic ranges
(e.g., Exposito-Alonso et al., 2018; Rajendran et al., 2021), it can also be used to study
associations over close spatial gradients.

Genomic association studies over small spatial scales are promising but have remained
rare. A study by Parisod and Christin (2008) revealed strong and mosaic-like, fine-scale
population structure among Biscutella laevigata genotypes linked to specific habitat factors
over an altitudinal range of 1850 — 2000 m, especially related to solar radiation. However, no
causal genomic markers explaining the observed genotype-environment-association could be
detected. More recent work by Roux and Frachon (2022) analyzed the association between
disease resistance to plant pathogens along a 350 m meadow transect in A. thaliana that

contained three physically and chemically distinct soil types. They found strong associations
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between genotype and environment as well as seven candidate genes related to disease
resistance of which two were known to be involved in the reaction to bacterial pathogens.
These studies suggest that populations can maintain considerable amounts of adaptive genetic
variation linked to environmental differences and genetic divergence.

In this study, we combined genotype-environment associations and genotype-
phenotype associations over a heterogeneous dune landscape to detect the genes and traits
linked to habitat divergence. Our study system was one population of Arabidopsis lyrata. The
species is a short-lived perennial occurring in habitats with some disturbance. When it occurs
in sand dune landscapes, it typically grows under several microhabitat conditions: in areas of
open dunes and forested dunes, or on dune bottoms, tops and on the leeside. Areas may be
covered by some other vegetation, or A. lyrata occurs as one of few plant species. We based
our study on an 11-ha area in Saugatuck Dunes State Park, Michigan, USA. Previous
experiments on plants from this area revealed that those originating from open dune tops
compared to those from mostly forested dune bottoms grew to larger sizes but flowered later
under mesic conditions, and they showed a less strong increase in stomata density in response
to drought (Paccard et al., 2013). A follow-up study considering the gradients of distance from
trees, vegetation cover and intraspecific density found plants on dune tops to flower later
under benign conditions, but larger sizes under benign conditions was now associated with
increased distance from trees (Wos & Willi, 2018). Furthermore, higher vegetation cover was
associated with higher frost resistance and late flowering with low intraspecific density.

Here we build on these results by first reassessing links between habitat features and
traits. We raised replicate plants of over 600 seed families collected in the field, which we
phenotyped for phenology, growth, thermal resistance, leaf trichomes and shape, and which
we whole-genome sequenced. Genotype-e