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It is the intertwined and interacting mechanism of evolution and ecology, each of which is at
the same time a product and a process, that are responsible for life as we see it, and as it has
been.

James W. Valentine (1973)
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Chapter 1

General Introduction

Today anthropogenic climate change represents the major threat to individual species but also
to whole ecosystems on this planet (Parmesan and Hanley 2015, Malhi et al. 2020). However,
as climate predictions vary, and other abiotic and biotic interactions come into play it is
currently one of the greatest challenges in biological research to examine and assess the
impact of climate change on the species living on Earth (Parmesan and Hanley 2015). This
study contributes to this research by focusing on the widely distributed plant species Silene

vulgaris and examining its’ response to a simulated climate change scenario.
The anthropogenic climate change

Since approximately 1750 atmospheric greenhouse gas concentrations have been increasing
constantly and can be traced back to human activities unequivocally (IPCC 2021). With these
elevated concentrations of atmospheric greenhouse gases shifts in temperature and
precipitation pattern are associated. For example, each of the last four decades has been
warmer than any decade before since 1850 and the global surface temperature from 2001-
2020 was on average 0.99°C warmer than during the period between 1850-1900 (IPCC 2021).
At the same time global precipitation over land has on average increased since 1950 (IPCC
2021). Furthermore, glaciers and the Arctic sea ice area are retreating due to human
contributions that resulted in a raise of the global mean sea level by 0.20 m between 1901 and
2018 (IPCC 2021). The climatic changes also lead to more extreme weather events like heat
waves or floods across the whole globe (Easterling et al. 2000, Christensen et al. 2007,
Véazquez et al. 2017, Thurman et al. 2020). As a results of the changing climatic conditions
biological processes like species’ phenologies, interactions, or distributions are starting to be
disrupted with a land biosphere that has shifted poleward or has prolonged its’ growing
season by up to two days (Root et al. 2003, Parmesan and Yohe 2003, Tylianakis et al. 2008,
Traill et al. 2010, Parmesan and Hanley 2015, Beever et al. 2017, Renner and Zohner 2018,
Giménez-Benavides et al. 2018, Wang et al. 2020, Thurman et al. 2020, IPCC 2021). All
these results show that the species living on this planet are currently facing the challenge of a

rapidly changing environment. Moreover, these changes are happening at a pace
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Chapter 1

unprecedented in the last 2000 years (IPCC 2021). Hence, it is an important subject of current
research to investigate how species can adapt to these rapidly changing environmental
conditions and if these mechanisms will help the species to survive the environmental

changes induced through the anthropogenic climate change.
Species’ response mechanisms to climate change

In principle, there are three major ways how species can behave under changing
environmental conditions: They can persist, escape, or if the conditions are highly
unfavourable species can go extinct (Sala et al. 2000, Chen et al. 2011, Thurman et al. 2020).
However, it depends strongly on the species and the velocity of the change which of the three
scenarios becomes true. The rapid changes the Earth’s recent climate is experiencing
represent a challenge for most organisms (Sala et al. 2000, Urban 2015). For the ongoing
climate change several studies have already found persisting and escape strategies in many
species (Parmesan and Yohe 2003, Parmesan 2006, Urban 2015). Among the escape
strategies shifting distributions of species are commonly found (Root et al. 2003, Parmesan
and Yohe 2003, Chen et al. 2011). They have been reported in several organism groups e.g.,
neotropical migratory birds, small mammals, marine fishes, montane insects, or New World
plant communities (Perry 2005, Moritz et al. 2008, Rushing et al. 2020, Feeley et al. 2020,
McCain and Garfinkel 2021). These reports describe that species respond to ‘too hot
conditions’ by moving their original distribution pattern towards higher elevations, or
latitudes, deeper waters, or deeper underground. However, organisms can also persist under
changing environmental conditions which requires a certain amount of adaptability. In this
context, phenotypic plasticity represents an important mechanism for organism persistence
under climate change. Especially in various plant taxa those plastic responses were already
found: different deciduous trees show a plastic response in photosynthesis (Gunderson et al.
2009) and various perennial steppe species exhibit plastically responding leaf traits (Liancourt
et al. 2015) towards climate change. However, phenotypic plasticity needs to be adaptive, i.e.
produce equivalent or higher fitness in the novel environment, to be an effective mechanism
against a rapidly changing climate (Becklin et al. 2016). Thus, it depends strongly on its link
to plant performance (Nicotra et al. 2010, Liancourt et al. 2015) if phenotypic plasticity can
facilitate plant adaptation to climate change.

The current climate change will affect the ecology and evolution of every species on this
planet (Sala et al. 2000). As different species responses will not only impact the species
themselves but will also affect whole biodiversity patterns (Siepielski et al. 2017) it is crucial
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to understand in what way different species are responding towards climate change to
comprehensively assess how climate change will alter the ecosystems on our planet. In this
context the examination of widely distributed plant species can play a key role in
understanding the effects of climate change on a wider range of ecosystems as they are often a

part of many different plant communities.
Research objectives

This thesis aims at studying possible trait responses of the widely distributed species Silene
vulgaris to a simulated climate change scenario examining putative response differences
based on the geographic origin of the sampled populations (Chapter 2), their population

genetics (Chapter 3) and the sex of the individual (Chapter 4).
The study organism Silene vulgaris

Silene vulgaris (MOENCH) GARCKE (Caryophyllaceae)
is an herbaceous perennial plant (Figure 1) which
covers a wide distributional range from North Africa
(Morocco and Egypt) expanding over the entire
European continent, including islands, towards Russia,
the Middle East and parts of temperate Asia (Bushneva |
2002, Taylor and Keller 2007, Pearl et al. 20009,
Registry-Migration.Gbif.Org 2021). In North America,
Australia, South Africa, Ethiopia and Japan S. vulgaris
was introduced as well (Registry-Migration.Gbif.Org
2021, WFO 2021) and has become an invasive species

in certain parts of Canada and the USA (McCauley et

) Figure 1. Silene vulgaris (MOENCH)
al. 2003, Taylor and Keller 2007). The species GARCKE (Caryophyllaceae). Photo by

Sandra Kabhl.

naturally grows under nutrient-poor to moderately
nutrient-rich conditions (Sandner and Matthies 2017, Kozminska et al. 2019). Most
commonly it is found along roadsides, in meadows, cultivated fields or on abandoned lots in
patches of 10-100+ individuals (Bailey and McCauley 2006, Taylor and Keller 2007).
However, ecotypes of S. vulgaris are also known to be adapted to more extreme
environmental conditions like serpentine, calamine or other heavy-metal polluted soil
(Bratteler et al. 2006b, 2006a, Pacwa-Ptociniczak et al. 2018, Muszynska et al. 2019b,

2019a). Hence, they are known as facultative metallophytes (Muszynska et al. 2020,
9
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Wiszniewska et al. 2020) displaying the immense adaptation potential for S. vulgaris. Further
studies also deal with tolerance mechanisms towards drought and salt stress within the species
(Kozminska et al. 2019). In fact, its’ strong adaptive behaviour may be the reason why the
species has become a very successful neophyte in some parts of North America (Bailey and
McCauley 2006, Olson et al. 2019, USDA and NRCS 2021). Particularly because of its wide
distributional range S. vulgaris has also been subject to many studies on population biology.
Several studies examined the species’ genetic diversity and genetic structure and used it as a
model organism to gain knowledge on the colonisation dynamics and invasion history of
invasive species (McCauley et al. 2003, Bailey and McCauley 2006, Taylor and Keller 2007,
Bernasconi et al. 2009) or to shed light on the re-colonisation of Europe after the last glacial
maximum (LGM) (Prentice et al. 2011).

An important role in the population biology research of S. vulgaris plays the breeding system.
Populations of S. vulgaris consist of female and hermaphrodite individuals therefore, it is
known as a gynodioecious species. Hermaphrodite individuals of S. vulgaris are self-
compatible and are likely to self at moderate rates (Jirgens et al. 1996, Bailey and McCauley
2006). However, selfing results into lower seed set, a lower weight of seeds and a lower
germination rate (Jurgens et al. 1996). Hence, outcrossing is still an important process in S.
vulgaris which is achieved through insect pollination. Originally it was thought that the
species is solely pollinated by nocturnal moths or hawkmoths as other closely related species
(e.g. Silene alba) (Pettersson 1991a, 1991b, Jurgens et al. 1996). However, it has been shown
that bumblebees represent very effective pollinators as well, especially in the early morning
hours, but even until dawn (Jirgens et al. 1996, Hintermeier and Hintermeier 1997). Although
Silene vulgaris is a gynodioecious plant closely related species in the same genus possess
different breeding systems. They reach from hermaphroditism (e.g. S. paradoxa), over
gynodioecy (e.g. S. vulgaris, S. nutans) to dioecy (e.g. S. latifolia, S. dioica) (Muyle et al.
2021). Little wonder several species within the genus Silene have been the subject of studies
on the evolution of breeding systems in plants (Sansome 1938, Desfeux et al. 1996, Lebel-
Hardenack et al. 2002, Mrackova et al. 2008, Bernasconi et al. 2009, Cegan et al. 2012,
Balounova et al. 2019, Bacovsky et al. 2020, Muyle et al. 2021). Some Silene species possess
sex chromosomes that have evolved at least twice independently within the genus (Mrackova
et al. 2008, Cegan et al. 2012). In the species S. vulgaris however, the sex determination is
more complex and is based on an interaction between multiple cytoplasmic male sterility
(CMS) factors and autosomal male fertility restorer genes (McCauley and Taylor 1997, Olson
and McCauley 2002). While CMS factors repress the production of fertile anthers in ‘male-
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sterile’ plants of S. vulgaris, the corresponding restorer genes can restore this trait, as their
name suggests. CMS factors also show strong population structures which explains why the
sex ratio can differ strongly among populations (Olson and McCauley 2002, Bailey and
McCauley 2005). In a study by (Delph and Carroll 2001) it was further shown that ecological
factors can influence the breeding system where hermaphrodites produced seeds of higher

relative seed fitness under a high quality environment compared to female plants.

In summary, S. vulgaris has proven to be a well-established study organism (Bernasconi et al.
2009) that is capable of dealing with a high variety of environmental conditions on different
levels. Hence, this species provides an excellent model species to study the influences of
climate change on a widely distributed plant.

The experimental setup

To examine response differences to a climate change scenario in the chosen species S.
vulgaris | conducted a greenhouse experiment in Potsdam, Germany from November 2015 to
April 2016. | was using seeds from 25 different populations across a latitudinal gradient in
Europe (site examples see Figure 2a and b). Each of these seeds were grown individually in
pots with thirteen individuals per populations. 25 individuals (one per population) were then
arranged in trays for better handling and an open top chamber was constructed around them
with a heating device underneath (Figure 2c). These open top chambers included a thermostat
as well and were used to heat up the temperature around the plants in a controlled manner. For
the different climate change treatments, | was employing projections of potential climate
change scenarios of central Europe. These scenarios predicted an increased temperature by
2.5-3.5°C and decreased precipitation by 15 mm or 25 mm (UBA 2006, IPCC 2007, Schwarz
et al. 2007, Ahlstrom et al. 2012) which were referring to the average annual summer

temperature and precipitation in East Germany (UBA 2006).

Figure 2. Collection sites of S. vulgaris seeds. a) Spanish site E1 near Alcand. b) German site D2 in Berlin,
Tempelhof. ¢) Experimental greenhouse setup in Potsdam.
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To examine response differences in the different populations towards the climate change
treatment various fitness-related traits were measured. | measured days until germination and
days until flowering, dry mass, plant height, number of leaves, number of branches, number
of flowers, leaf area, specific leaf area (SLA), and number of flowers. These traits have been
proven to respond reliably to drought and temperature stress and have been used in several
other studies (Rucker et al. 1995, Khan et al. 2015, Zeiter et al. 2016, Wellstein et al. 2017,
Eziz et al. 2017, Meineri et al. 2020). Furthermore, the sex of each individual was determined
to look for response differences between the sexes (described in Chapter 4). Leaf material was
further collected from every plant within the experiment for the genetic population analysis

via ddRAD sequencing (see Chapter 3).
Outline of the thesis

The following three chapters (Chapter 2-4) show published or drafted studies on the responses
of S. vulgaris to a potential climate change scenario. All these chapters can be read
independently as they represent separate research entities.

Chapter 2 deals with the general response of S. vulgaris to a simulated climate-change
scenario studied in the greenhouse experiment over six months. To determine the response
pattern different plant traits were measured and generalised mixed models used for the
analysis. Furthermore, it was the aim of this study to investigate if different European
populations (along a latitudinal gradient) respond differently to the employed climate-change
scenario. This approach provides further insights into the adaptation potential of widely
distributed species like S. vulgaris and facilitates our understanding of the role of phenotypic
plasticity in plant adaptation to climate change.

In Chapter 3 the results from the greenhouse experiment were used and supplemented with a
population genetic analysis of S. vulgaris. Here, a genome-wide approach was used to identify
the underlying phylogeny of the sampled S. vulgaris populations across Europe. Afterwards
the results from the greenhouse experiment were re-analysed to identify potential response
differences among distinct genetic lineages of S. vulgaris towards the climate change scenario
employed. Hence, this chapter provides a comprehensive approach to find a potential
underlying phylogenetic influence on the adaptation of S. vulgaris to climate change.

Chapter 4 then deals with sexual dimorphism in S. vulgaris. It was first analysed if sexual
dimorphism can be detected in the species. The second aspect dealt with the question if the
sexes are influenced differently by the climate change treatment. The results of the analyses
are then further discussed with regards to the evolution of the gynodioecious breeding system
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in S. vulgaris under the expected climate change. This analysis adds up to the
underrepresented field of sexual dimorphism in gynodioecious species and provides further
insights into sexually dimorphic traits under climate change.

Chapter 5 provides a general discussion of the previous chapters summarizing the overall
results and conclusions regarding the research objectives. Furthermore, the chapter explains
the constraints of the different studies and provides ideas and suggestions for additional
research on the topic of adaptational responses to climate change in plants, i.e., in the widely

distributed species S. vulgaris.
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Chapter 2

Compensatory mechanisms to climate change in the widely

distributed species Silene vulgaris

By Sandra Kahl, Michael Lenhard and Jasmin Joshi

Abstract

1. The adaptation of plants to future climatic conditions is crucial for their survival. Not
surprisingly, phenotypic responses to climate change have already been observed in many
plant populations. These responses may be due to evolutionary adaptive changes or
phenotypic plasticity. Especially plant species with a wide geographic range are either
expected to show genetic differentiation in response to differing climate conditions or to have
a high phenotypic plasticity. 2. We investigated phenotypic responses and plasticity as an
estimate of the adaptive potential in the widespread species Silene vulgaris. In a greenhouse
experiment, 25 European populations covering a geographic range from the Canary Islands to
Sweden were exposed to three experimental precipitation and two temperature regimes
mimicking a possible climate-change scenario for central Europe. We hypothesized that
southern populations have a better performance under high temperature and drought
conditions, as they are already adapted to a comparable environment. 3. We found that our
treatments significantly influenced the plants but did not reveal a latitudinal difference in
response to climate treatments for most plant traits. Only flower number showed a stronger
plasticity in northern European populations (e.g., Swedish populations) where numbers
decreased more drastically with increased temperature and decreased precipitation treatment.
4. Synthesis. The significant treatment response in Silene vulgaris, independent of population
origin — except for the number of flowers produced — suggests a high degree of universal
phenotypic plasticity in this widely distributed species. This reflects the likely adaptation
strategy of the species and forms the basis for a successful survival strategy during upcoming
climatic changes. However, as flower number, a strongly fitness-related trait, decreased more
strongly in northern populations under a climate-change scenario, there might be limits to

adaptation even in this widespread, plastic species.
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Introduction

Currently, many plant species must adapt to rapid climate changes. Global temperatures are
predicted to rise by 2°C or more by the end of the century without intense measures to reduce
greenhouse gas emissions (IPCC 2018) and precipitation patterns will change at a regional
scale resulting in greater extremes of dry versus wet conditions (Easterling et al. 2000,
Medvigy and Beaulieu 2012). Plants already respond to their changing environments via
migration to more suitable habitats (Chen et al. 2011, Corlett and Westcott 2013, Pecl et al.
2017). However, not all plants are capable of long-distance migration via seed dispersal and
fragmented landscapes further hinder their range expansion (Ellis 2015). An alternative
strategy to cope with current climatic changes is thus adaptation while persisting in the
changing habitat. VVarious changes of phenotypic traits as a result of a changing environment
have already been reported in plant species including an alteration in leaf phenology (Estiarte
and Pefiuelas 2015), earlier flowering events (Cook et al. 2012, Ovaskainen et al. 2013), and
changing growth rates or overall productivity (Norby and Zak 2011, Medeiros and Ward
2013). Adjusting the phenotype according to changing environmental conditions either
requires phenotypic plasticity or rapid evolutionary adaptation mechanisms. Phenotypic
plasticity describes the ability of a given genotype to produce different phenotypes in
different environments and enables plant species to survive highly variable environmental
conditions without permanently changing their phenotype through selection (Nicotra et al.
2010). In contrast, rapid evolutionary adaptation depends on heritable variation in fitness-
related traits under different environmental conditions (Moritz and Agudo 2013). The relative
importance of these two mechanisms under climate change is still debated. In their review,
Nicotra et al. (2010) discuss the underlying theories as well as molecular and genetic
mechanisms causing phenotypic plasticity in response to a changing climate. High levels of
genetic variation within a population improve the adaptive potential of plants. Genetic
variation in environmental signalling pathways, for example, play a crucial role in plastic
phenotypic responses of plants by sensing abiotic and biotic cues of the environment (Nilson
and Assmann 2010, Kvitek and Sherlock 2013). Chevin, Lande, & Mace (2010) proposed a
model that incorporates phenotypic plasticity as well as heritable adaptation for a more
accurate prediction of population persistence in a rapidly changing climate. However, the
extent to which rapid evolution matters varies greatly between species and ecosystem
properties (Ellner et al. 2011). When testing relationships between initial plasticity and
subsequent adaptive evolution in natural populations, Ghalambor et al. (2015) revealed that

adaptive plasticity might even constrain evolution in certain cases. In contrast, in a Mustard
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species it was found that phenotypic plasticity and adaptive evolution both contribute to an
advanced flowering phenology in response to a warming climate (Anderson et al. 2012).

As the relative contributions of phenotypic plasticity and adaptive evolution to phenotype
changes are still poorly understood (Van Kleunen and Fischer 2005, Valladares et al. 2007),
we approached this question by conducting a greenhouse experiment. For this experiment, we
sampled the widespread species Silene vulgaris (MOENCH) GARCKE (bladder campion) along
a European latitudinal gradient. As a locally abundant species over a large geographic range
(Rabinowitz et al. 1986) in meadows and ruderal places, S. vulgaris represents an ideal
organism to address the topic of phenotypic adaptation as it may exhibit phenotypic plasticity
as well as large genetic variation (Joshi et al. 2001). We examined the individual adaptive
potential of ecologically important traits by exposing plants from 25 populations to
experimental warming conditions (an increase by 3°C) and altered watering regimes (25 mm
less precipitation) that reflect a possible climate change scenario for central Europe (IPCC
2007, Ahlstrom et al. 2012). In addition, we analysed whether the plant traits measured were
correlated with local climatic conditions at sampling sites to account for possible trait
adaptations to different environmental conditions. We measured biomass, plant height,
number of flowers, number of branches, number of leaves, leaf area and specific leaf area
(SLA) as fitness-related plant traits. These traits have been shown to negatively respond to
drought and temperature stress (Rucker et al. 1995, Khan et al. 2015, Zeiter et al. 2016,
Wellstein et al. 2017, Eziz et al. 2017). Thus, we hypothesized that biomass-related traits will
have lower values under drought and increased temperature treatments. Biomass is also
considered a reliable fitness-related trait that is positively associated with fecundity
(Younginger et al. 2017). As a direct measure of fecundity, we used number of flowers as a
proxy for number of seeds produced by an individual plant. As days to flowering is known to
show considerable shifts towards earlier flowering with increasing temperature (Parmesan and
Yohe 2003), we included this trait in our measurements. The right timing of flowering is
essential for plant-pollinator interactions thus also influencing the reproductive success of a
plant (Memmott et al. 2007).

It was our aim 1) to study putative trait responses in Silene vulgaris to a potential climate-
change scenario of central Europe and 2) to investigate if latitudinal origin of different
European Silene vulgaris populations influences the response to the climate-change scenarios
applied. We hypothesized that southern European populations of Silene vulgaris will show a
lower decrease in biomass-related traits and higher values in fecundity-related traits under

higher temperatures and less precipitation as a result of pre-adaptation to these conditions.
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Material and Methods

Study species and sampling sites

Silene vulgaris (MOENCH) GARCKE %ﬁ:ﬁ

(Caryophyllaceae) is an herbaceous

perennial plant native to Eurasia. It

is commonly found along

roadsides, in meadows, cultivated

fields or on abandoned lots (Taylor

and Keller 2007). Local populations

of S. vulgaris consist of female and
hermaphrodite individuals

(gynodioecy). Species in the genus -
Silene have served as model oy, s
organisms for answering ecological

and evolutionary questions for a Figure 3. Sampling sites of Silene vulgaris from 25 populations.
long time. They have been used

when examining adaptation to extreme soil environments (Bratteler et al. 2006b) or
researching the evolution of plant sex chromosomes (Cegan et al. 2012, Papadopulos et al.
2015). Furthermore, S. vulgaris is a very popular study species for examining host-pathogen
interactions with male-sterilizing fungi (Microbotryacea) (Hood et al. 2010, McArt et al.
2014). As a well-established study organism (Bernasconi et al. 2009), S. vulgaris is thus a
suitable model species to investigate whether plant phenotypic changes responding to climate
change are a result of rapid evolution or plasticity.

25 different populations were chosen at sites in Austria (A), Switzerland (CH), Germany (D),
Spain (E) — including a population from the Canary Islands, France (F) and Sweden (S)
(Table 1) spanning the natural latitudinal range of S. vulgaris in Europe (Figure 3). At each
site, seeds were collected from 13 open pollinated plants in 2015 for the greenhouse
experiment. The location of sampling sites was recorded using a GPS device (‘GARMIN GPS

72H’; accuracy <15 m; Garmin, Switzerland).
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Greenhouse experiment

The experiment was conducted in a greenhouse in Potsdam, Germany from November 2015 —

April 2016. From each population, 78 seeds were sown: six seeds from 13 mother plants per

population to account for the six treatments. Thus, each mother plant was represented by six

half-sib progenies across the six treatments. Plastic pots (Ray Leach ‘Cone-tainers’™; 5 cm

diameter; manufacturer: Stuewe and Sons, USA) were filled with standard potting soil

(Einheitserde Classic, Profi Substrat, Pikiererde CL P; manufacturer: Einheitserde

Werkverband e.V., Deutschland) combined with sand (3:1 v/v). Collected seeds were sown on

the substrate described, one seed per pot and the pots were distributed to 78 trays (30 cm x 60

cm). This resulted in a total number of 1950 seeds. Treatments were randomly arranged to

Table 1. Sampling sites of 25 European Silene vulgaris populations. Populations are arranged according to their

latitudinal origin.

Population  Country Site Elevation [m] Latitude Longitude
E4 Spain La Palma 1100 28°46'58.0" N 17°56'22.0" W
El Spain Alcand 211 41°29'29.4" N 00°26'27.3"E
E3 Spain La Sentiu de Sié 316 41°49'44.1" N 00°54'19.9"E
E2 Spain Fontdepou 798 41°57'44.6" N 00°45'51.4"E
F2 France Pommeraie 78 43°56'42.6" N 01°22'21.5"E
F4 France Menton 177 45°39'57.7" N 05°17'30.9"E
CH2 Switzerland Cadenazzo 202 46°09'09.0 "N 08°56'33.0"E
F3 France E‘;L’j\:g“e du 73 46°39'28.0"N  01°23'13.6"W
F1 France Les Rochette 65 46°41' 00.8" N 01°23'58.0" W
CH1 Switzerland  Flims 2102 46°52'03.8" N 09°14'234"E
Al Austria Gschnitz 1234 47°02'51.0" N 11°21'29.0"E
D12 Germany Langenargen 402 47°36'33.2" N 09°31'43.7"E
D10 Germany Konstanz 400 47°40' 23.0" N 09°09'10.6"E
F5 France Normandie 83 49°16'06.0" N 01°37'39.0"E
D6 Germany Heilsbronn 400 49°20'44.6" N 10°47'26.5" E
D11 Germany Hamm 90 49° 44'26.2" N 08° 26'58.6" E
D5 Germany Mainz 89 49°59'53.4" N 08°13'15.7"E
D9 Germany Potsdam 90 52°21'44.6" N 13°04'34.9"E
D3 Germany Berlin 46 52°28'14.4" N 13°23'44.4"E
D1 Germany Berlin 30 52°31'58.7" N 13°23'10.2"E
D7 Germany Gerswalde 70 53°11'06.3" N 13°45'28.0" E
D8 Germany Geesower Hiigel 30 53°14'32.9" N 14°23'06.9" E
D2 Germany Hamburg 25 53°40'21.0"N 10°05'04.8" E
S2 Sweden Vickleby 51 56°34'37.1" N 16°27'39.5"E
S1 Sweden Sodra Back 10 56°40'12.7" N 16°40'54.2" E
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account for possible temperature or light gradients in the greenhouse and reflected conditions
derived from climate-change prediction models (IPCC 2007, Ahlstrom et al. 2012). Referring
to these predictions two temperature treatments were established in the greenhouse using
open-top chambers with additional heating devices. Open-top chambers were built using
polystyrene and transparent, unplasticised PVC foils (400 pum thickness; Piitz GmbH + Co.
Folien KG, Germany) around the trays. Heating mats (‘BioGreen WP 030-060’; Bio Green
OHG, Germany) were placed under the pots to increase air temperature. A thermostat
(‘Universal UT 200-2’°; manufacturer: ELV Elektronik AG, Germany) was used to measure
and keep the temperature on a constant level. The control temperature treatment was set to
18°C and the warming treatment to 21°C. The control temperature was based on the average
summer temperature for Eastern Germany (UBA 2006). The simulated climate change
temperature was chosen based on predictions of a temperature increase of 2.5-3.5°C for
central Europe (using datasets for Germany as a proxy; Schwarz, Harmeling, & Bals, 2007;
UBA, 2006). For the precipitation treatment, the values were set to 90 mm, 75 mm, and 65
mm. We used these watering regimes based on precipitation values for Eastern Germany and
climate models predicting a -15 mm to -25 mm decrease in precipitation for central Europe
using datasets for Germany as a proxy (UBA 2006, IPCC 2007, Schwarz et al. 2007).
Temperature and precipitation treatments were combined in a fully factorial design resulting
in overall six treatment combinations.

The following plant-performance traits were measured for each plant individually: days until
germination and flowering, biomass in g, plant height (at the day of first flowering; in cm),
number of leaves (at the day of first flowering), number of branches (at the day of first
flowering), number of flowers (after harvesting), leaf area in cm?2 and specific leaf area (SLA;
in cm?/mg). As the number of seeds could not be determined reliably (ripening capsules lost
seeds before sampling), the number of flowers was counted as a measure of fecundity and an
estimate of reproductive plant fitness. Aboveground biomass of all plants was harvested after
the withering of the majority of the inflorescences. To determine biomass, plants were dried at
80°C for 48 h after harvesting and weighed immediately. SLA was measured by removing
one leaf per plant (4" leaf counted from the bottom) at the time of flowering. Leaves were air-
dried for four weeks and weighed afterwards. To determine leaf area, leaves were glued on
barcoded paper sheets with a size key. Paper sheets with leaves were digitized using either a
flatbed scanner or a digital photo camera. The obtained images were further processed using

the Python module scikit-image (van der Walt et al. 2014). Individual leaves were segmented
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using an intensity thresholding approach. Leaf area was extracted using the regionprops

function in scikit-image.
Climate data

Historical climate data from the sampling sites were obtained from WorldClim from 1970—
2000 (Fick and Hijmans 2017). These data included 19 bioclimatic variables in addition to
solar radiation, wind speed and water-vapour pressure (Table Al, Table A2). Population
sampling sites were analyzed for climatic patterns in a principal component analysis (PCA).
PCA was performed using the function prcomp() in R (R Core Team 2017). To check if
climate at a population’ site was correlated to latitude of population a linear regression of
principal component loadings and latitude was performed.

Based on the WorldClim data (Fick and Hijmans 2017) the 25 populations covered a certain
amount of climatic variation (Figure Ala). The first axis of the PCA on climatic variables
(46.6% of the variation) was strongly correlated with ‘annual mean temperature' (bio_1),
'mean temperature of warmest quarter' (bio_10), ‘precipitation of driest month' (bio_14) or
‘precipitation of warmest quarter' (bio_18) (Table A3). The variables ‘temperature
seasonality', ‘mean temperature of wettest quarter', and ‘precipitation of coldest quarter' were
largely associated with principal component 2 (23.4% of the variation) (Table A3). The
populations' positions on PC 1 and PC 2 reflect their latitudinal distribution (Figure Ala).
Linear regressions of principal component scores and latitude were significantly correlated.
With increasing latitude, the populations had significantly lower PC 1 loadings (R?=0.19, p=
0.03, n =25) but increasing PC 2 loadings (R?= 0.51, p <0.001, n= 25) (Figure Alb, c).
Therefore, populations from lower latitudes can be characterised by higher mean annual
temperature, higher temperatures during the warmest quarter or lower precipitation during the
driest month and warmest quarter of the year. With increasing latitude, the populations also
experienced a stronger temperature seasonality (bio_4) and lower solar radiation (Table A3).
The projections of the populations on the two axes did not reveal distinct groups, but one
Swiss (CH1) and one Spanish population (E4) were located as climatic outliers on PC 1 and
PC 2, respectively. The high alpine population CH1 is characterized by the highest
precipitation values (Table Al, Table A2) whereas E4 exhibits the strongest precipitation
seasonality and smallest annual temperature range (Table Al, Table A2) leading to its outlier
position in the PCA.
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Trait differentiation analysis

For statistical analyses of plant traits, we employed linear mixed models for traits fitting a
normal distribution. For binary data (germination, survival, and flowering) and count data
(number of flowers, number of leaves, number of branches) we used generalized mixed
models with a binomial and Poisson distribution, respectively. Models were performed using
the function Imer() and glmer() in R (R Core Team 2017). As fixed factors, we included:
Treatment of plants (divided in temperature and precipitation), latitude of population origin
(linear), temperature x precipitation, temperature x latitude, precipitation x latitude. Random

factors were population identity and mother plant.
Plasticity index

To get an estimation of plasticity we calculated the Plasticity Index (P1) for the temperature
and precipitation treatment separately. We used the approach introduced by Valladares,
Wright, Lasso, Kitajima, & Pearcy (2000): PI=(mean(treatmentl))-(mean(treatment2)) /
max(mean(treatmentl)),(mean(treatment2)). This index can be easily applied, is widely used
in different studies and can be compared among plant traits (Valladares et al. 2006). A linear

model was performed analysing the influence of latitude on the PI of each trait.

Results

Of a total of 1950 seeds, 86.5% germinated. The lowest number of seeds germinated in a
Swiss (CH1) and a Spanish (E2) population (32.1% and 43.6%, respectively; Figure A2a). As
treatments started two weeks after germination (to ensure seedling establishment), treatment
effects could not be tested on speed of germination.

74.2% of surviving plants flowered. The days to flowering ranged from 81-171 days with a
peak at 117 days after sowing. The percentage of flowering individuals per population
differed strongly. By the end of the experiment, the German population D9 had the highest
proportion of individuals flowering (98%) whereas the lowest proportion of flowering
individuals was found in the two Swedish populations with both around 44% (Figure A2b).
The survival of plants during the experiment was high (97.4%). Most plants died in
population CH1 (24%) whereas all individuals survived in the populations D1, D5, D6, D8,
D10, D11, D12, E3 and E4 (Figure A2c).
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Figure 4. Responses of phenotypic traits (means * standard errors) in Silene vulgaris plants with regard to the
two experimentally applied temperature regimes (18°C and 21°C). a) days to flowering, b) number of flowers, c)
dried biomass, d) height, €) number of leaves, f) number of branches, g) leaf area and h) specific leaf area (SLA).
Asterisks indicate significant differences (* P <0.05, ** P <0.01, *** P <0.001).

Effects of simulated climate change on plant traits

Temperature significantly influenced all plant traits in our experiment leading to lower trait
values with increasing temperature (Table 2, Figure 4). The strongest differences were found
in the number of flowers with on average 12.8 flowers at 18°C compared with 8.9 flowers at
21°C (Figure 4b). Plant biomass reached 1.2 g versus 1.0 g and plant height reached on
average 66.2 cm versus 61.4 cm at 18°C compared to the 21°C-treatment, respectively
(Figure 4c, d). The number of leaves and branches per plant, leaf area and SLA were
decreased under the 21°C-treatment, however to a less significant extent than the overall
biomass (Figure 4e, f, g, h). Days to flowering advanced with increasing temperature from
124.6 days to 122.5 days on average (Figure 4a). However, fewer plants, 73% compared to
83%, flowered under the increased temperature treatment in the greenhouse.

Precipitation influenced half of all traits measured except for survival, flowering probability,
days to flowering, leaf area and SLA (Table 2). The strongest differences were visible
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between the lowest and highest precipitation treatment, i.e. between 65 mm and 90 mm
precipitation: with lower precipitation, most trait values, decreased significantly (Figure 5).
Plants reached a height of 66.2 cm and a biomass of 1.3 g under 90 mm of precipitation but
only 60.7 cm and 1.0 g under the 65-mm precipitation treatment (Figure 5d, ¢). Number of
leaves and branches decreased from 74 to 68 and from 3.5 to 3.0, respectively (Figure 5e, f).
Of the leaf traits only SLA decreased significantly, with 0.32 cm#/mg under 65 mm of
precipitation compared to 0.34 cm2/mg under the 90 mm treatment (Figure 5h).
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Figure 5. Responses of phenotypic traits (means + standard errors) in Silene vulgaris plants regarding the three
experimentally applied precipitation regimes (65 mm, 75 mm and 90 mm). a) days to flowering, b) number of
flowers, ¢) dried biomass, d) height, €) number of leaves, f) number of branches, g) leaf area and h) specific leaf
area (SLA). Asterisks indicate significant differences (* P <0.05, ** P <0.01, *** P <0.001).

Influence of population origin on plant responses to climate change
Except for the number of flowers and leaves produced, none of the trait responses to reduced
precipitation differed along the latitudinal gradient (Table 2).

These non-significant treatment (temperature or precipitation) x latitude interactions indicated

that the treatment effects were similar in all populations along the latitudinal gradient (Table
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2). This is also reflected in the mainly parallel reaction norms, e.g. in biomass response to
increased temperature and decreased precipitation, respectively (Figure A3c, Figure A4c). Of
the two traits that differed in their response along a latitudinal gradient, the number of flowers
showed strong temperature and precipitation responses (steeper slopes) with increasing
latitude (Figure A5a, b) whereas the number of leaves (Figure A5c) only differed in their

response to the precipitation treatment along the latitudinal gradient.
Plasticity index

The significant influence of the climate treatments on plant traits (Table 2) indicates a
considerable degree of plasticity in phenotypic traits of S. vulgaris. Plasticity of biomass-
related traits was higher than plasticity in days to flowering or SLA and was comparable
between the temperature and precipitation treatment. (Figure A6, Figure A7). The plasticity
index (P1) of flower number was significantly influenced by latitude for the temperature and
precipitation treatment (Table 3). The PI of days to flowering was influenced by latitude only
for the precipitation treatment. Number of flowers and days to flowering were more plastic at
sites of higher latitude (Figure 6, Figure A7). For the remaining traits, we were not able to
find a significant influence of latitude on PI, neither for the temperature nor for the
precipitation treatment (Table 3, Figure A6, Figure A7). The standard errors in Figure 6 and
Figure A6 show that the PI varied strongly within populations indicating that some maternal

genotypes were more plastic than others within populations.

Table 3. The effects of latitude on plasticity index (PI) based on individual traits. Pl was calculated separately
for precipitation and temperature treatments. Tests were using linear regressions with F- and p-values given for
24 degrees of freedom. Plasticity of flower number significantly increased with latitude for temperature and
precipitation treatment, plasticity of days to flowering significantly increased with latitude for precipitation
treatment (stated in bold).

Temperature Precipitation

F p F p

Biomass 0.0 0.91 0.0 0.94
Height 0.2 0.67 1.1 0.29
Days to flowering 2.4 0.12 5.9 <0.05
Flower number 9.9 <0.01 6.6 <0.05
Leaf number 0.1 0.80 0.1 0.80
Branch number 0.2 0.65 0.5 0.46
Leaf area 0.3 0.61 0.1 0.75
SLA 0.7 0.39 0.6 0.43

26



Chapter 2

o
~—

o
~—

Temperature Precipitation

o}

-

o

o
I

1.00

o

~

a
\

0.75
i

ot |

| | \
30 40 50 0.00 30 40 50

Latitude Latitude

o

a

o
!

0.50 -

o

N

3
T

0.25

I

Pl of flower number
_e_
Pl of flower number

o
o
o

Figure 6. Plasticity index (PI; means + standard errors) of flower number of S. vulgaris populations across their
latitudinal origin. a) Pl for temperature treatment, b) PI for precipitation treatment.

Discussion

Climate change is altering environmental conditions such as the availability of resources that
are of great importance for the survival of plant species (Nicotra et al. 2010). Thus, it is
crucial to understand how plants will behave under the climatic conditions forecasted for the
near future. In our experiment, the applied increased temperature treatment had a significantly
negative effect on the majority of observed plant traits in Silene vulgaris independently of
plant origin. Earlier studies have shown that temperature is a major factor altering plant
phenotypic traits as it influences growth as well as the timing of plant development (Cleland
et al. 2007, Hatfield and Prueger 2015). A negative correlation between plant biomass or plant
height and temperature, as found in our study, has already been shown in Silene noctiflora
(Qaderi and Reid 2008) and Erigeron speciosus (de Valpine and Harte 2001) and was also
observed for vegetation cover in geothermal areas (Nishar et al. 2017). Reduced plant height
and smaller leaves result in a smaller transpiration surface and thus may help the plant to
withstand the increased drought stress at higher temperatures. Increasing temperature also
influenced phenology by decreasing the days to flowering by approximately 2 days in our
experiment. This is in agreement with other studies that observed earlier flowering with
increasing temperatures (Alatalo and Totland 1997, Park and Schwartz 2015) suggesting that
climate change is a driving force in the shift of flowering times towards the beginning of the
year (Parmesan and Yohe 2003, Franks et al. 2007, Bertin 2015). The correct timing of
flowering is an essential ability to maximize reproductive output as plants additionally depend
on optimal environmental conditions and out-crossing species on synchronous flowering and

pollinator availability. Our results revealed an advanced flowering only by two days, this may
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not necessarily impair plant fitness with regard to pollinator interactions, but long-term effects
over several generations cannot be excluded. In general, it has to be kept in mind that results
of warming experiments are highly species- and ecosystem-specific and they are also strongly
interconnected to the availability of water.

The experimental precipitation regimes influenced the plant traits to a lesser extent (Table 2)
although a meta-analysis by Siepielski et al. (2017) showed that precipitation is a strong
selective force often exceeding the influence of temperature on plant adaptation. Most
significant differences in morphology were observed between the extreme precipitation
regimes of 65 and 90 mm where biomass-related traits decreased significantly with less
precipitation. We detected a 23% decrease in biomass, an 8% decrease in plant height and
number of leaves as well as a 14% decrease in number of flowers under the lowest
precipitation treatment. These results are in line with other studies where drought stress
decreased stem and leaf biomass (Prieto et al. 2009, Dubois et al. 2017, Eziz et al. 2017).
Decreased overall biomass under increasing drought was also found in alpine S. vulgaris in a
study by Hamann, Kesselring, & Stocklin (2018). Similar to heat response, drought response
in plants focuses on minimising plant transpiration to lower water consumption. Therefore,
the plant growth theory predicts, that this lack of resources leads to a decline in biomass
production and lower SLA (Poorter and Remkes 1990). Our biomass-related traits were able
to confirm this theory but leaf traits, however, were not significantly influenced by the
precipitation treatment in our overall model. This contradicts the results of several other
studies, where leaf area and SLA decreased under drought (Maes et al. 2009, Jung et al. 2014,
Wellstein et al. 2017). Under dry conditions, plants are expected to decrease their leaf surface
and SLA to prevent the evaporation of water and thus enhance the water-use efficiency.
However, these leaf traits have also been shown to be highly species-specific (Griffin-Nolan
et al. 2018) which impedes the prediction of general drought responses. Flower number
decreased significantly with lower precipitation in our experiment. This result is in
accordance with findings describing a lower number of flowers and seeds under increased
drought conditions in ornamental and agricultural plants (Mwanamwenge et al. 1999, Flagella
et al. 2002, Cakir 2004, Alvarez et al. 2009). A study by Levine, McEachern, & Cowan
(2008), however, could not find a correlation between flower number and precipitation in
natural populations of annual plants.

The PCA revealed a considerable degree of climatic variability among our populations that
was also correlated to latitude. Latitude was therefore used as a proxy for climatic differences

in the analysis of trait responses and plasticity. If trait-climate associations were adaptive,
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southern European populations (e.g. E4, E1, E3) should exhibit decreased leaf and biomass-
associated traits that are favoured under warmer and drier conditions. In our mixed models
traits did not change along the latitudinal gradient except for the number of branches. Hence,
trait adaptation in southern populations could not be detected. This is not in accordance with
common garden experiments where it has been shown that plant height decreases and SLA
increases with latitude representing an adaptation strategy to colder, wetter environments (De
Frenne et al. 2013). However, the sensitivity of trait response (i.e., the interaction of latitude
and treatment) in our mixed model showed a significant latitudinal difference for number of
flowers and number of leaves. These traits responded more drastically in populations from
northern latitudes where significantly less flowers were produced under the higher
temperature or lower precipitation treatment and where a lower number of leaves also
correlated with lower precipitation. Especially, the number of flowers is a strong fitness
related trait determining the number of offspring. With regard to our initial hypothesis, we can
assume that northern populations of Silene vulgaris may have more difficulties in producing a
feasible number of offspring under climate change. This might even be aggravated through
herbivory on developing seeds through the lychnis moth, Hadena bicruris, or the anther
sterilizing fungus Microbotryum. Both organisms, insects and pathogenic fungi, are likely to
thrive through climate change and are predicted to have extensive impacts on ecosystems
(Chakraborty and Newton 2011, Fisher et al. 2012, Meineke et al. 2018). To test if the
decreased flower number could threaten the survival of individual S. vulgaris populations, a
long-term experiment with several generations under climate-change conditions would be
needed. However, it has to be recognized that the interaction effect of treatment and latitude
in this trait is strongly influenced by the outlier position of the southernmost population (E4)
leading to the significant increase in response sensitivity.

Phenotypic plasticity is assumed to be among the main mechanism for species to persist under
changing climatic conditions as it allows for rapid phenotypic changes. In summary, the
majority of plant traits showed a significant response towards the treatments thus indicating a
considerable phenotypic plasticity for S. vulgaris. The calculated Pls support this result for
the two treatments and the different populations. We found a markedly differing Pl among
populations and plant traits. Higher PI values found in biomass-related traits and leaf area
indicate that S. vulgaris has the ability to respond to increased temperature and decreased
precipitation through restricted growth. In contrast, days to flowering and SLA were more
fixed traits under changing climatic conditions showing a lower PI. The fact that days to
flowering is a less plastic trait may indicate stabilizing selection. In the gynodioecious S.
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vulgaris the presence of pollinators during flowering time is crucial to ensure seed set also in
exclusively female plants and increase the number of offspring. In this respect, climatic
factors like precipitation or temperature represent less important selective forces leading to a
change in flowering time. As phenotypic plasticity itself can be seen as a plant trait, it also
possesses a genetic basis (Bradshaw 1965). The missing interaction of latitude and treatment
(i.e. temperature or precipitation) in most traits suggests a low genetic differentiation in
phenotypic plasticity among populations which is in line with other studies examining
plasticity under different moisture and temperature conditions (Gugger et al. 2015,
Minzbergova et al. 2017). Mainly the phenotypic plasticity of flower number showed a
significant genetic differentiation along a latitudinal gradient. In this case, plasticity itself may
represent a trait under selection which is exposed to differing climatic conditions and climate
variability. According to the climatic variability hypothesis (CVH), higher latitudes possess a
higher thermal variability and thus should also show greater phenotypic plasticity obtained
through selective pressure (Janzen 1967, Molina-Montenegro and Naya 2012). In our study,
latitude was used as a proxy for climate at population origin and it was positively correlated
with annual temperature range or temperature seasonality, two indicators of thermal
variability. The linear regression of latitudinal influence on plasticity index did not lead to a
significant effect for most plant traits but we found a significant influence on the PI of flower
numbers. This may indicate that northern populations are more likely to adjust their number
of flowers to changing climatic conditions (i.e., temperature and precipitation). However, it is
unlikely that the increased plasticity in flower number is adaptive. Through our greenhouse
experiment we showed that northern populations are also more likely to reduce their number
of flowers under climate change conditions. The higher plasticity in these populations may
thus actually lead to fewer offspring during climate change and rather represents a
maladaptation of this trait.

Conclusion

Climate-change scenarios expect an increase in temperature by up to 3.5°C and a decrease in
precipitation by up to 25 mm in the summer months for central Europe. In our experiment, we
mimicked these conditions for 25 populations of Silene vulgaris to study population
differences in phenotypic responses. In summary, our results paint a complex picture of the
adaptation of the widely distributed species Silene vulgaris to climate change. All populations
survived the treatments and showed considerable variation in their plant traits and phenotypic

response to treatments. When adapting to changing environmental conditions the combination
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of genetic and plastic response mechanisms was shown to be a common pattern. As our
sampling approach covered a long latitudinal gradient from southern to northern Europe with
high climatic variation, we expected that southern European populations would show higher
biomass-related traits and higher fecundity-related values under the climate-change conditions
as they already experience warmer and drier conditions compared to central Europe.
However, our results did not confirm this theory and neither showed differences in phenotype
nor in phenotypic plasticity for most traits along a latitudinal gradient. Therefore, S. vulgaris
populations of central Europe are likely to deal with a future climate change scenario of 3°C
temperature increase, and 25 mm precipitation decrease in a similar way as southern
European populations. Flower number was the only trait that responded differently in
southern compared to northern populations when exposed to the experimental temperature
increase and precipitation decrease. In accordance with our initial hypothesis, flower number
decreased more drastically in northern populations than in southern populations. An increase
of phenotypic plasticity with latitude is also in accordance with the climate variability
hypothesis, but the adaptive character of flower-number plasticity in our species is debatable.
As flower number is directly related to number of offspring, a strong decrease in this trait
might actually turn out to be maladaptive leading to an insufficient offspring number that is
further threatened by pathogenic fungi or seed predators. For a complete assessment of S.
vulgaris response to climate change, extreme weather events have to be taken into account as
well. Extreme drought, for example, has the potential to reduce offspring by as much as
80—90% and also to decrease biomass production of different grassland species significantly
(Beierkuhnlein et al. 2011, Hatfield and Prueger 2015). Further experiments with Silene
vulgaris should therefore also mimic extreme droughts or flooding events. Although not along
a latitudinal gradient, populations showed differe