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Summary
Plants are strikingly complex and diverse organisms. Evolutionary transitions in plant mating
systems are frequent, particularly towards selfing. Mating systems are important because
they correspond to the mating behavior of a population or species, and they may affect
ecological interactions with antagonists and mutualists or define the ability to invade new
environments. Therefore, plants are ideal organisms to study ecology and evolution.
Empirical studies and theoretical models have tried to explain the distribution, maintenance and evolution of plant mating systems. Traditionally, inbreeding depression is regarded
as the main barrier to the evolution of selfing, and its magnitude may be influenced by environmental conditions. Moreover, mating systems are also widely associated with morphological
characteristics, for instance with a selfing syndrome in flowers. Also, ecological partners
that establish interactions with plants may influence plant performance and contribute to
selection on traits related to reproduction and mating.
However, several gaps are still present in our current knowledge on plant mating systems.
For example, the traditional inbreeding depression threshold of 50 % that is considered to act
as a barrier to the evolution of selfing has not been reasonably tested. Similarly, the effect of
environmental stress on inbreeding depression is still in debate. Few studies report lifetime
estimates of inbreeding depression for perennial self-incompatible species. Studies tested
investigated the selfing syndrome by usually accounting for few floral traits. Moreover, few
studies produced empirical data on pollinator-mediated importance on floral trait selection
and mating system variation, especially in model systems which have recently evolved into
selfing. Furthermore, few studies have simultaneously addressed the effect of antagonistic
and mutualistic interactions on plant performance.
To contribute to the knowledge on inbreeding depression and plant mating system
evolution, I performed a greenhouse experiment in which I estimated inbreeding depression on
lifecycle traits of six outcrossing and five selfing Arabidopsis lyrata North American populations.
I found that cumulative lifetime inbreeding depression was ∼ 30 % and it did not differ
between mating systems. I found no evidence for purging. To test whether inbreeding
depression could be magnified by environmental stress, I assessed inbreeding depression in
plants exposed to drought stress and with induced defenses. Treatments reduced overall
xv

performance, but not inbreeding depression. My results suggest that inbreeding depression
in A. lyrata is overall low, independent from mating system variation. My results therefore
suggest that the lack of a strong barrier (i.e. low inbreeding depression) may have facilitated
the evolution of selfing in North American A. lyrata. Finally, the fact that stress did not
magnify inbreeding depression in my experiment suggests that low inbreeding depression was
not an artifact that can be attributed to beneficial greenhouse conditions.
To test whether the evolution of selfing leads to a flower selfing syndrome, I performed a
greenhouse experiment with six selfing and six outcrossing populations of the North American
A. lyrata. I measured over ten floral traits with conventional and geometric morphometric
methods to assess which floral traits are possibly under first selection after the evolution of
selfing. Selfers had 9.2 % smaller corollas, 8.4 % longer pistils and 21.5 % lower P/O ratios
than outcrossers, but there were no differences in shape, floral integration and herkogamy
between mating systems. Most variation in floral traits was actually explained by population
genetic background rather than by mating system. My results suggest that the evolution
of selfing has lead to reductions in corolla size and lower P/O ratios in North American A.
lyrata, but has not lead to changes in shape.
To investigate the importance of pollination on mating system and floral trait evolution,
I conducted a common-garden experiment using five selfing and six outcrossing populations
of the North American A. lyrata. I first estimated floral traits and then performed pollinator
observations on potted plants to test whether mating system or floral trait variation explained
pollinator visitation. Mating system did not explain visitation in A. lyrata, but population
genetic clustering and daytime did. My results suggest that after the recent evolution of
selfing, pollinators may still visit selfing and outcrossing populations in similar frequencies.
My results do not support that pollinators select flower size or shape in A. lyrata.
To assess whether ecological interactions are important selective drivers that shape plant
reproductive traits, I performed a field-experiment using the Gentiana-Phengaris-Myrmica
system. To assess herbivory, I analyzed Phengaris alcon oviposition on Gentiana asclepiadea
in relation to vegetation characteristics, and plant- and ant-host traits. To assess pollination,
I made pollinator observations and tested the effect of flower size on pollinator visitation.
Finally, to determine whether antagonistic selection by herbivores and pollinators affected
reproductive traits, I estimated fruit size and seed set of plants in “open pollination” and
“pollen supplementation” treatments. Phengaris alcon oviposition was explained by the
surrounding vegetation around plant-hosts, but also by Myrmica and Gentiana vegetative
traits. However, my results do not support that P. alcon imposes a strong selection on
floral traits. The putative pollinator groups bumblebees and syprhid flies, on the other hand,
imposed directional selection towards wider and shorter corollas. Overall there was a signal
of stabilizing selection for intermediate flower sizes, which may be the result of a balance
between the selection imposed by pollinators I found in this study, and opposing selection by
xvi

generalist herbivores (not assessed here).
In summary, I conclude that inbreeding depression does not always provide a strong
barrier to the evolution of selfing in plants. Moreover, the early evolution of selfing may lead
to subtle changes in flower morphology, which suggests that selection for a selfing syndrome
at least partly evolves from standing genetic variation. Pollinator-mediated selection on
floral traits may drive the evolution of floral morphology. The result of direct and indirect
ecological interactions between plants with their herbivores and pollinators should influence
plant performance and ultimately mating system evolution.

xvii
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Zusammenfassung
Zusammenfassung Pflanzen sind vielfältige und komplexe Organismen. Evolutionäre Veränderungen in Begattungssystemen von Pflanzen sind häufig, inbesondere hinsichtlich Selbstbefruchtung. Begattungssysteme haben gleichzeitig eine besondere Bedeutung, weil sie
mit dem Paarungsverhalten einer Population oder Art korrespondieren. Sie können ökologische Interaktionen mit Antagonisten und Mutualisten beeinflussen und Invasionen erklären.
Deswegen sind Pflanzen ideale Organismen um Ökologie und Evolution zu untersuchen.
Empirische Studien und theoretische Modelle haben versucht die Verteilung, Aufrechterhaltung und Evolution von Begattungssystemen bei Pflanzen zu erklären. Traditionellerweise
wird hierbei Inzuchtdepression als das Haupthindernis für die Entwicklung von Begattungssystemen betrachtet, wobei dessen Effekt durch Umweltbedingungen beeinflusst werden kann.
Darüber hinaus stehen Begattungssysteme auch allgemein im Zusammenhang mit morphologischen Charakteristiken, beispielsweise mit einem Selbstbefruchtungssyndrom bei Blüten.
Auch ökologische Partner, die Interaktionen mit Pflanzen eingehen, können die Pflanzenleistung beeinflussen und tragen zur Selektion von Eigenschaften in Bezug auf Fortpflanzung
und Begattung bei.
Allerdings gibt es immer noch einige Lücken in unserem Wissen über Begattungssysteme bei Pflanzen. Zum Beispiel wurde die traditionelle Grenze von 50 % Inzuchtdepression,
welche als Hindernis für die Entwicklung von Selbstbefruchtung betrachtet wird, bisher nicht
ausreichend getestet. Gleichermaßen wird auch der Effekt von umweltbedingtem Stress
auf Inzuchtdepression kontrovers diskutiert. Wenige Studien berichten Schätzungen von
Inzuchtdepression für mehrjährige selbstinkompatible Arten über die gesamte Lebensspanne
hinweg. Zudem ist es von zentraler Bedeutung im Zusammenhang mit dem Selbstbefruchtungssyndrom mehrere Blüteneigenschaften zu betrachten. Die wurde in bisherigen Forschung
vernachlässigt. Außerdem haben nur wenige Studien die Bedeutung von Bestäubern für die
Selektion von Blüteneigenschaften und die Variation von Begattungssystemen untersucht –
insbesondere in Modellsystemen, die sich erst vor kurzem als Selbstbefruchter entwickelten.
Darüber hinaus haben bisher nur wenige Studien gleichzeitig den Effekt von antagonistischen
und mutualistischen Interaktionen auf die Pflanzenleistung untersucht.
Um den Wissensstand hinsichtlich Inzuchtdepression und Begattungssystemen bei
xix

Pflanzen zu verbessern, führte ich ein Gewächshausexperiment durch, bei dem ich den Einfluss
von Inzuchtdepression auf Eigenschaften, die den Lebenszyklus der Pflanze betreffen, in sechs
überwiegend kreuzbefruchtenden und fünf überwiegend selbstbefruchtenden Populationen der
nordamerikanischen Art Arabidopsis lyrata untersuchte. Ich fand keinen Hinweis auf Purging,
da die Inzuchtdepression ∼ 30 % betrug und sich nicht zwischen den Begattungssystemen
unterschied. Um zu testen, ob Inzuchtdepression durch umweltbedingten Stress erhöht werden
kann, untersuchte ich außerdem die Auswirkungen von Inzuchtdepression bei Pflanzen, die
Trockenstress ausgesetzt wurden und bei denen Abwehrreaktionen induziert wurden. Die
Behandlungen reduzierten die allgemeine Leistung der Pflanzen, aber hatten keinen Einfluss
auf Inzuchtdepression. Diese Ergebnisse zeigen, dass Inzuchtdepression in A. lyrata gering ist,
aber nichts mit Variationen im Paarungssystem zu tun hat. Dies deutet darauf hin, dass das
Fehlen einer Inzuchtdepression und damit eines bedeutenden Vermehrungshindernisses die
Evolution von Selbstbefruchtung in nordamerikanischer A. lyrata ermöglicht haben könnte.
Darüber hinaus unterstützen die Ergebnisse die Annahme, dass Stress Inzuchtdepression
fördert, nicht.
Um zu untersuchen, ob die Entwicklung von Selbstbefruchtung und gelöster Selektion
zu einem Selbstbefruchtungssyndrom bei Blüten führt, führte ich ein weiteres Gewächshausexperiment mit sechs überwiegend kreuzbefruchtenden und sechs überwiegend selbstbefruchtenden Populationen der nordamerikanischen Art A. lyrata durch. Ich erfasste über zehn
Blüteneigenschaften mit konventionellen und geometrischen morphometrischen Methoden,
um zu untersuchen welche Blüteneigenschaften möglicherweise unter den ersten Selektionen
nach der Evolution von Selbstbefruchtung auftreten. Selbstbefruchtete Pflanzen hatten
9, 2 % kleinere Blütenkronen, 8, 4 % längere Pistille und ein 21, 5 % geringeres P/O Verhältnis
als kreuzbefruchtete Pflanzen, aber es ergaben sich keine Unterschiede hinsichtlich der Form,
floralen Integration und Herkogamie zwischen den Begattungssystemen. Die Variation in
den Blüteneigenschaften wurde tatsächlich stärker durch die genetischen Gegebenheiten als
durch das Begattungssystem erklärt. Diese Ergebnisse weisen darauf hin, dass die Evolution
von Selbstbefruchtung in der nordamerikanischen Art A. lyrata zu kleineren Blütenkronen
und einem geringeren P/O Verhältnis, aber nicht zu verschiedenen Blütenformen geführt hat.
Um die Relevanz von Bestäubung in Bezug auf Begattungssysteme und Blüteneigenschaften zu untersuchen, führte ich ein weiteres Experiment mit sechs überwiegend kreuzbefruchtenden und fünf überwiegend selbstbefruchtenden Populationen der nordamerikanischen
Art A. lyrata durch. Zunächst bestimmte ich die Blüteneigenschaften und führte dann
Beobachtungen der Bestäubung bei getopften Pflanzen durch, um zu testen, ob das Begattungssystem oder Variationen der Blüteneigenschaften die Visitationen von Bestäubern
erklären können. Das Begattungssystem klärte hierbei keine Varianz in den Visitationen
bei A. lyrata auf, aber die genetische Gruppierung der Population und die Tageszeit wiesen
einen prädiktiven Wert auf. Meine Ergebnisse legen nahe, dass kurz nach der Entwicklung
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von Selbstbefruchtung selbstbefruchtende und kreuzbefruchtende Populationen in ähnlicher
Frequenz von Bestäubern besucht werden. Die Ergebnisse sprechen darüber hinaus nicht
dafür, dass Bestäuber hinsichtlich Blütengröße und -form von A. lyrata unterscheiden.
Um die Bedeutung von ökologischen Interaktionen hinsichtlich der Selektion reproduktiver Eigenschaften von Pflanzen zu erfassen, führte ich ein Feldexperiment mit dem
Gentiana–Phengaris–Myrmica-System durch. Um Herbivorie zu erfassen untersuchte ich die
Oviposition von Phengaris alcon auf Gentiana asclepiadea im Zusammenhang mit Eigenschaften der Vegetation sowie der Wirtspflanzen und -ameisen. Um Bestäubung zu erfassen,
führte ich Beobachtungen von Bestäubern durch und testete die Auswirkungen der Blütengröße auf deren Visitationen. Um zu bestimmen, ob eine antagonistische Selektion von
Herbivoren und Bestäubern reproduktive Eigenschaften beeinflusst, schätzte ich die Größe der
Früchte und den Samensatz der Pflanzen nach offener Bestäubung und nach Pollensupplementierung. Die Oviposition von Phengaris alcon wurde nicht nur durch die Vegetation um
G. asclepiadea herum erklärt, sondern auch durch die vegetativen Eigenschaften der Myrmica
und Gentiana. Meine Ergebnisse unterstützen jedoch nicht die Annahme, dass P. alcon eine
starke Selektion auf Blüteneigenschaften besitzt. Auf der anderen Seite zeigten mutmaßliche
Bestäubergruppen (Hummeln und Schwebfliegen) eine direktionale Selektion für breitere
und kürzere Blütenkronen. Die Samensätze der offen bestäubten Blüten wiesen darauf hin,
dass es eine insgesamt stabilisierende Selektion für intermediäre Blütengrößen gibt, aber dies
könnte auch durch generalistische Herbivoren (hier nicht untersucht) entstanden sein.
Zusammenfassend schließe ich, dass Inzuchtdepression nicht immer ein starkes Hindernis für die Entwicklung von Selbstbefruchtung bei Pflanzen darstellt. Darüber hinaus
könnte die frühe Evolution von Selbstbefruchtung zu kleinen Veränderungen in der Blütenmorphologie geführt haben. Dies weißt darauf hin, dass sich die Selektion zugusten eines
Selbstbefruchtungssyndroms zumindest teilweise aus der bestehende genetischen Variation
entwickelt. Eine durch den Bestäuber vermittelte Selektion von Blüteneigenschaften könnte
die Entwicklung der Blütenmorphologie vorantreiben. Das Ergebnis direkter und indirekter
ökologischer Interaktionen zwischen Pflanzen und ihren Herbivoren und Bestäubern sollte die
Leistung und schließlich die Evolution von Begattungssystemen bei Pflanzen beeinflussen.
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Part I
Background
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Chapter 1
General introduction
Flowering plants comprise a successful group of over 400 families and 350, 000 species (Bremer
et al., 2009; Hawkins et al., 2011) that dominate terrestrial ecosystems worldwide (Mulcahy,
1979). Flowering plants show diverse types of asexual and sexual reproductive strategies
(Barrett, 2002), including complex pollination (Delpino, 1873-1874; Faegri and van der Pijl,
1966; Fenster et al., 2004) and dispersal syndromes (Griz and Machado, 2001; Tiffney, 1984).
Moreover, plants have modular growth and are easily cultivated under controlled conditions,
which makes them practical experimental units to test different biological aspects. Therefore,
flowering plants constitute an ideal taxonomic group to investigate ecology and evolution.

1.1

Plant mating systems

Plant mating systems are complex, because vector-mediated gamete transfer and elaborate
sexual systems can be highly promiscuous (Barrett and Harder, 1996). The mating system1
can be defined as the general strategy of a population employed in obtaining mates (Emlen
and Oring, 1977), for example whether the population reproduces through autogamy (i.e.
selfing: autonomous or non-autonomous self-fertilization within a flower), geitonogamy (i.e.
pollinator-mediated self-fertilization among flowers of the same individual) or xenogamy
(i.e. outcrossing: cross-fertilization among different individuals; Neal and Anderson, 2005).
Outcrossing rates (tm ) have been used to estimate mating systems in plants, and they
denote the probability of outcrossing opposite to selfing at the population level (Clegg, 1980;
Charlesworth and Charlesworth, 1987). Thus, plant species can generally be classified into
the following categories of mating system: predominant outcrossing, predominant selfing or
mixed-mating.
1

The term mating system should not be confused with breeding system: sets of traits that govern how a
plant can reproduce, for example self-compatibility or self-incompatibility.
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The mating system may have different implications to plant species ecology and
evolution. For example, outcrossing plants are expected to produce more evolutionarily
successful offspring relative to selfing plants, because genetic recombination increase genetic
variability and allows adaptation to new conditions through natural selection (Charlesworth
and Charlesworth, 1987). Also, outcrossing avoids the negative effects of inbreeding, such
as lower seed production, reduced seed germination and adult survival (Keller and Waller,
2002) or higher vulnerability to parasites (Johnson et al., 2015). However, outcrossing
may also come with increased energetic costs directed to reproduction, compared to selfing
(Waller, 1979; Sicard and Lenhard, 2011). In contrast, selfing in plants is expected to be
advantageous over outcrossing under some ecological circumstances. Selfing has a direct twofold transmission advantage (Fisher, 1941), assuming that outcrossing and selfing offspring
have similar fitness potentials. Moreover, selfing implies that resources used for pollinator
attraction may be directed to other functions (Karron et al., 2012). Furthermore, selfing
may assure reproduction in areas where pollinators or mates became scarce (Baker, 1955,
1965; Lundgren et al., 2013). Nevertheless, selfing reduces the effective population size,
leading to the loss of alleles by genetic drift in small populations (Ellstrand and Elam, 1993).
This may promote a relaxed genotype selection and consequently diminish the evolutionary
potential of selfing species (Stebbins, 1957; Arunkumar et al., 2015). Therefore, the effects
of outcrossing and selfing have both positive and negative consequences to plants, depending
on the situation in question.
Many outcrossing plants with hermaphroditic flowers have evolved heteromorphic or
homomorphic self-incompatibility systems to prevent self-fertilization (Hiscock and McInnis,
2003). Heteromorphic self-incompatibility systems prevent selfing through spatial and
temporal barriers between male and female organs. They maximize pollen placement on
pollinators bodies and delivery on stigmas of complementary flower morphs that have antherstigma spatial differences (i.e. heterostylous: distylous or tristylous; Kohn and Barrett, 1992;
Palma-Silva et al., 2015), temporal differences in flower-organ maturity (i.e. dichogamous:
protandry or protogyny; Lloyd and Webb, 1986; Buchmann, 1987) or which differ in style
positioning (enantiostyly; Barros, 1996; Rodríguez and Sanoja, 2004). In homomorphic
self-incompatibility systems the barrier between male and female structures is physiological
and genetically determined. In this case, pollen-pistil compatibility depends on protein-bond
recognition at the gametophytic or sporophytic phenotype stages between compatible pairs
of plants (Takayama and Isogai, 2005). This genetic system is mainly determined by the
expression of alleles at the S-locus, and it has been thoroughly studied in Brassicaceae,
Solanaceae and Papaveraceae (Takayama and Isogai, 2005).
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1.2

Evolution of plant mating systems

In nature, about half of the flowering plants are considered self-incompatible, i.e. obligately
outcrossing (Goodwillie et al., 2005). The other (self-compatible) half is thus theoretically
apt to both self and outcross. Predominantly selfing species comprise only ∼ 10.0 % of all
angiosperms (Igic and Busch, 2013). However, the evolution of selfing as a derived state
from outcrossing is the most common evolutionary transition involving reproductive systems
in flowering plants (Stebbins, 1957). Reports cite that it has independently occurred in over
100 plant families (e.g. Lyons and Antonovics, 1991; Foxe et al., 2009; Mable et al., 2005;
Schoen, 1982; Summers et al., 2015; Broz et al., 2017). On the contrary, the evolution of
outcrossing from selfing has never been undoubtedly proven, although a few studies suggest
that it may have rarely occurred nevertheless (Igic et al., 2008; Goldberg et al., 2017).
Outcrossing species are probably more frequently represented in flowering plants, because
outcrossing lineages are expected to go extinct less frequently, whereas selfing lineages are
considered an evolutionary dead-end (Stebbins, 1957).
The distribution of mating systems in plants has been first suggested to be bimodal:
predominant outcrossing vs. predominant selfing species with intermediate unstable mixedmating states (Lande and Schemske, 1985; Schemske and Lande, 1985). Recent surveys,
however, suggest that the story is much more complex, and mixed-mating taxa are indeed
stable and abundant. Barrett (2003) suggests that the distribution of mating systems
actually behaves linearly, and Vogler and Kalisz (2001) report that 49.0 % of animalpollinated species have outcrossing rates between 0.2 and 0.8. Historically, studies have
focused on the predominant outcrossing and predominant selfing species, but dioecious
species were systematically underrepresented for example (Igic et al., 2006; Moeller et al.,
2017). Studies that compare predominant outcrossing against predominant selfing species
are relevant, because current scientific knowledge on plant mating system evolution, specially
selfing, is still incomplete. Therefore, much more research is needed to elucidate plant mating
systems in detail.

1.3

Inbreeding depression

Outcrossing and selfing species differ in their levels of homozygosity. Outcrossing promotes
recombination of genetic material and increases heterozygosity, whereas inbreeding should
lead to high homozygosity in a population (Wright, 1977; Wright et al., 2013). Moreover, if
a population has a history of outcrossing, it should also accumulate recessive or partially
recessive alleles (genetic load) that can be deleterious if expressed in the phenotype. This
deleterious mutations are common in homozygotes and selfing increases homozigosity.
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Therefore, plants that undergo selfing, but have a history of outcrossing, may express
recessive deleterious mutations, which leads to inbreeding depression (Charlesworth and
Willis, 2009). However, species that have been selfing2 for several generations, are expected
to present relatively lower levels of inbreeding depression, because selection should favor the
removal (purging) of deleterious mutations that are responsible for inbreeding depression
(Husband and Schemske, 1996; Glémin, 2003; Porcher and Lande, 2016). This aforementioned
mechanism that explains inbreeding depression is also known as dominance (Charlesworth and
Charlesworth, 1987). Alternatively, inbreeding depression may be the result of another genetic
mechanism: overdominance. In this case, inbreeding depression is due to superiority of
heterozygotes over homozygotes. Dominance and overdominance are the main mechanisms
that explain inbreeding depression (Charlesworth and Charlesworth, 1987), but the relative
importance of each mechanism on the expression of inbreeding depression in plants is not
entirely known (Kardos et al., 2016).
Inbreeding depression is the reduction in performance of self-progeny relative to crossprogeny (Ågren and Schemske, 1993), and it can be estimated on several lifecycle traits,
such as germination, early growth, biomass production and flowering (Charlesworth and
Charlesworth, 1987). Also, environmental stress, such as water and nutrient shortage,
are suggested to intensify the effect of inbreeding depression (Crnokrak and Roff, 1999;
Armbruster and Reed, 2005). Moreover, evolutionary events may affect inbreeding depression
in plant populations, such as bottleneck events following invasions or migration (Kirkpatrick
and Jarne, 2000; Dlugosch and Parker, 2008). Given that inbreeding depression is the main
barrier to the evolution of selfing (Fisher, 1941; Kondrashov, 1985; Lande and Schemske, 1985;
Charlesworth and Charlesworth, 1987; Porcher and Lande, 2005), the study of inbreeding
depression is important to understand the evolution of mating systems.

Research gaps
Few studies, however, report lifetime estimates of inbreeding depression for perennial selfincompatible species (e.g. Sletvold et al., 2013; Bellanger et al., 2015), and few have done
so while manipulating the environment. Moreover, the traditional inbreeding depression
threshold of 50 % that is considered to act as a barrier to the evolution of selfing in plants
has not been reasonably tested (but see Busch, 2005). Therefore, more studies considering
inbreeding depression over several lifecycle traits and under different environmental stresses
are needed. Moreover, the investigation of inbreeding depression as a barrier to the evolution
of selfing needs to be further tested.
2

Note that selfing species have this denomination because they show low outcrossing rates (tm values
close to 0). This means that they have low or negligible realized outcrossing at the population level. Selfing
in general, however, may also be carried out in outcrossing species. Thus species that occasionally undergo
selfing are not necessarily selfing species.
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1.4

Selfing evolution

The evolution of selfing from self-incompatibility must follow some steps (Fig. 1.1; reviewed
in Jain, 1976; Charlesworth and Charlesworth, 1987). First, mutations at the S-locus promote
the breakdown of the self-incompatibility system in outcrossing populations, the original
mating state. Then, the new ability to self-fertilize produces an immediate transmission
advantage, but also leads to a high inbreeding depression. Therefore, species that lose the
self-incompatibility system are not necessarily predominantly selfing immediately. Only if
conditions allow and these facultative selfing lineages persist, selection against homozygous
deleterious mutations (assuming that this is the mechanism determining inbreeding depression
in this case) are expected to purge alleles responsible for the expression of inbreeding
depression. Selfing rates may then increase, as inbreeding depression decreases and a series
of morphological, phenological and physiological changes are further expected to accompany
the ability to self, such as a reduction in flower size and a lower dependence on pollinators.
Finally, predominant selfing is proposed to evolve after inbreeding depression decreases to
less than 50 % (Fisher, 1941, but see Johnston et al., 2008). Selfing should be favored
over outcrossing, when the benefits of increased gene transmission outweigh the costs of
inbreeding depression.

Figure 1.1: Commonly accepted scenario for the evolution of selfing in plants. From left to right, an original outcrossing state is
gradually replaced by an intermediary facultative selfing state. If these conditions are maintained after generations, an extreme
state of dominant selfing over outcrossing may evolve, and among other traits, outcrossing rates, inbreeding depression, floral
structures and vector-mediated pollination are overall reduced. Groups of four bars per state respectively represent: outcrossing
rate (tm , in grey), inbreeding depression (white), flower size or display (curved lines) and vector-mediated pollination (black
dots). The doted line shows the inbreeding depression threshold that may constitute the strongest barrier to the evolution of
selfing
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1.5

Consequences of mating system evolution to flower
morphology

Outcrossing species evolve specialized structures and strategies to promote cross-fertilization,
such as large petals with nectar guides, more pollen and larger flower displays (Faegri and
van der Pijl, 1966; Proctor et al., 2003), whereas selfing species show an opposite trend,
i.e. flowers commonly with smaller size, fewer resources and less attractable to pollinators
(Fig. 1.1). For example, the evolution of selfing in Capsella rubella Reuth. has led to a
reduction in corolla area by 85 % (Sicard et al., 2011), and in Leavenworthia alabamica
Rollins selfing has led to reduced petal length (Busch, 2005). Selfing species commonly
evolve sets of floral traits to optimize selfing, the so-called “selfing syndrome” (Sicard and
Lenhard, 2011). The evolution of mating systems may lead to changes in floral traits,
however, the evolutionary timescales in which these changes are formed are still not fully
known.
Pollinators may be partially responsible for the evolution of floral morphology, because
they show preferences towards floral traits. Pollinator functional groups (i.e. bees, birds,
flies, moths, etc.) may have different resource requirements when visiting flowers, and
therefore they may select flowers based on different floral attributes, such as size, shape,
color, scent, nectar and pollen (pollination syndromes; Delpino, 1873-1874; Johnson and
Wester, 2017). Pollinator-mediated selection is thus responsible for the evolution of floral
morphology. When selfing evolves, however, plants may no longer need pollinators to set
seed, and thus selection on floral traits should be promoted by other ecological forces (relaxed
selection; Lahti et al., 2009). Therefore, pollination is a major driver of floral trait evolution.
Moreover, studies that investigate pollinator functional groups and pollinator visitation on
plant performance of selfing species that recently evolved from an outcrossing state should
be of primary importance.

Research gaps
Few studies, however, have been conducted on model systems that have evolved selfing (e.g.
C. rubella in Sicard et al., 2011; L. alabamica in Anderson and Busch, 2006) to verify the
timescales in which selfing syndrome evolves. Moreover, studies considering several traits
should also bring new insights into the evolution of floral traits in selfing plants, especially
when the evolution of selfing is relatively recent in evolutionary terms. Empirical data on
pollinator visitation in regard to floral trait and mating system variation is needed to assess
the importance of pollinator-mediated selection on plant reproduction. Additionally, studies
that analyzed pollinator visitation in model systems which have recently evolved into selfing
are not abundant.
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1.6

Ecological interaction effects on plant performance

Plants interact with several biotic and abiotic environmental elements in ecosystems. These
interactions may be of different nature (i.e. competition, cooperation, mutualism, etc.;
Lidicker, 1979), but in general they can be classified as negative, positive or neutral to
plant fitness. Negative interactions between plants and their antagonists should constrain
plant performance, because they are expected to diminish resources for plants, and thus
reduce plant survival and reproductive capacity. For example, herbivory may directly reduce
plant biomass, which in turn may result in reduced fitness by delayed flowering or reduced
pollinator visitation (Lucas-Barbosa, 2016). Further, specialized florivory by caterpillars
(order Lepidoptera; Chung et al., 2011) or thrips (order Thysanoptera; Pearsall, 2000; Reitz,
2009) can reduce plant seed set. Florivory can also increase selfing in plants by favoring those
floral traits that diminish attraction and maximize self-pollination (Sicard and Lenhard, 2011).
Therefore, negative interactions between outcrossing and selfing plant species with their
antagonists are expected to influence plant fitness. Herbivory may also drive the evolution of
morphological traits, particularly floral traits.
Positive interactions between plants and their mutualists should favor plant performance.
The best example in this respect is pollination, because the effect of pollinators may be directly
linked to fruit set. Pollinators may become very specialized actors promoting outcrossing
(Westerkamp, 1997; Schiestl et al., 1999; Brunet and Sweet, 2006; Carleial et al., 2015).
Pollinators may also drive the evolution of floral traits by preferring to visit flowers based on
their sizes and display (Galen, 1999; Stout, 2000), but also on other traits, such as color and
shape (Spaethe et al., 2001; Gómez et al., 2008). Moreover, pollinator-mediated selection
on floral traits may be intensified by pollen limitation (Trunschke et al., 2017). Therefore,
ecological interactions of outcrossing and selfing species with their mutualists, particularly
pollinators, are expected to influence plant fitness. Pollination may also drive the evolution
of morphological traits, but in an opposite direction to the effect of antagonists.
Additionally, indirect interactions may also influence plant fitness. For example, plants
that are eaten by caterpillars can counterattack these herbivores by producing volatiles
that attract wasps, the natural predators of caterpillars, and thus mitigate the negative
effects of herbivory (Turlings et al., 1990; Paré and Tumlinson, 1999). Florivory may directly
reduce flower number, but also indirectly reduce pollinator visits (Mothershead and Marquis,
2000). Given that plants interact with several partners in nature, plant fitness should be the
net-balancing result of all its ecological interactions. Therefore, antagonistic and mutualistic
plant partners can directly or indirectly influence plant performance, and the final plant
fitness should be the result of the combined effect of all ecological interactions established
by the plant.
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Research gaps
Few studies, however, have simultaneously addressed the effect of antagonistic and mutualistic
interactions on selection of reproductive traits. One example is the opposing selective forces
that pollinators and florivores may impose on floral traits. Moreover, the study of direct and
indirect interactions between plants and its partners is needed to assess plant ecology and
evolution in a more integrative way.

1.7

Model systems

Arabidopsis lyrata (L.) O’Kane & Al-Shehbaz
The northern rock-cress Arabidopsis lyrata (Brassicacea) occurs in temperate regions of
the Northern hemisphere (Lauber et al., 2012). The species is closely related to the other
mustard Arabidopsis thaliana (L.) Heynh., which is a famous model system in the study
of genetics and evolution (Clauss and Koch, 2006). Arabidospsis lyrata is divided in three
subspecies (lyrata, petraea and kamchatica), but the distinction between these subspecies is
difficult, especially in areas where populations overlap (Al-Shehbaz and O’Kane Jr, 2002).
It has a perennial habit, produce stolons, and grows on different substrates in elevations
of up to 2200 m (Al-Shehbaz and O’Kane Jr, 2002). Flowers are white, rarely purplish,
with four ∼ 3.5 mm petals, producing 20-36 ovules. Flowering and fruiting occur between
March and October (Al-Shehbaz and O’Kane Jr, 2002). Arabidopsis lyrata has a sporophytic
self-incompatibility system (Mable et al., 2005). In particular, the North American subspecies
A. lyrata subsp. lyrata has been well documented. This subspecies has relatively low
genetic variation compared to European populations based on chloroplast DNA and nuclear
ribosomal sequences (Schmickl et al., 2008). It is mostly outcrossing in Europe, but selfing,
mixing-mating and outcrossing populations have been found in the North American range.
Predominantly selfing populations show significantly lower outcrossing rates based on progeny
arrays and observed heterozygosity than outcrossing populations, and the evolution of selfing
in the subspecies is suggested to be relatively recent (Mable et al., 2005; Mable and Adam,
2007; Foxe et al., 2010). Therefore, A. lyrata is an ideal system to investigate the evolution
of mating systems and its consequences to plants.

Gentiana - Phengaris - Myrmica
The specialized flower parasites of the butterfly genus Phengaris (Lycaenidae) use Gentiana
as plant-hosts and Myrmica as ant-hosts to complete their lifecycle. This system has been
well studied because the components of this interaction are endangered and its conservation
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is paramount (Gadeberg and Boomsma, 1997; Maes et al., 2004; Mouquet et al., 2005),
but also because the system itself constitutes a good opportunity to understand ecological
interactions and life-history evolution (Fiedler, 1998; Pierce et al., 2002; Als et al., 2004).
Phengaris parasitism starts when female butterflies oviposit on flower buds in a short flight
season (Elmes et al., 1998). After hatching, larvae rapidly bore a hole in the developing
flower and feed on ovules inside the ovary until reaching the fourth instar (Elmes et al.,
1998). Then, larvae drop onto the soil nearby their Gentiana hosts in the hope of being
collected by workers of red ants of the genus Myrmica (Elmes et al., 1991). These ants
are deceived by a combination of acoustical and chemicals signals produced by Phengaris
larvae, which make them adopt the larvae as one of their own brood (Devries et al., 1993;
Akino et al., 1999; Thomas et al., 2010). It has been suggested that Phengaris use specific
Myrmica species (Fiedler, 1998; Nash et al., 2008; Jansen et al., 2011), but also in rarer
cases Aphaenogaster (Pierce et al., 2002), as ant-hosts. After being successfully adopted
by its specific ant-hosts, larvae spend ∼ 85 % of their life, including winter, inside their
ant-host nests before reaching maturity, and emerging on soil surface to mate and restart
the cycle (Elmes et al., 1998). This complex parasitic lifestyle of Phengaris depends on
specific Gentiana and Myrmica species (Fiedler, 1998; Pierce et al., 2002). It has been
suggested that oviposition by Phengaris significantly affects Gentiana fitness (Kéry et al.,
2001), therefore, Phengaris may impose selection on plant reproductive traits, particularly in
flowers.

1.8

Outline and objectives of the dissertation

Chapter 2: Inbreeding depression
Inbreeding depression is estimated as the difference in performance between outcrossing
and selfing progeny, and it has been regarded as the major barrier to the evolution of
selfing. Inbreeding depression may also be intensified by stressful environmental conditions.
Selfing populations are expected to have lower inbreeding depression than outcrossing
populations, because inbreeding depression in past generations have allowed purging some
of the deleterious alleles responsible for inbreeding depression. Arabidopsis lyrata is a small
herb that occurs in the Great Lakes Region in North America. In the North-American range,
this outcrossing species has evolved into selfing in different populations after a bottleneck
event ∼ 10, 000-20, 000 years ago. Therefore, the species shows selfing and outcrossing
populations in their natural range, which makes this species an ideal model system to study
mating system evolution. In chapter two, I describe an experiment using five selfing
and six outcrossing A. lyrata populations under greenhouse conditions to assess inbreeding
depression, and to test whether outcrossing populations have higher inbreeding depression
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than selfing populations. Further, I applied a combination of treatments to simulate drought
and herbivory, to verify whether stress may increase the effect of inbreeding depression. I
measured different performance traits from germination until flowering to cover the entire
lifecycle of A. lyrata. My specific questions were: (a) is inbreeding depression a barrier to the
evolution of selfing? (b) do selfing populations purge their genetic load (c) do environmental
conditions affect the magnitude of inbreeding depression?

Chapter 3: Flower morphology variation
Angiosperm selfing species are expected to develop floral traits that optimize self-fertilization.
These species usually have a selfing syndrome, such as smaller flowers that mature rapidly
and have fewer resources, shorter herkogamy and lower pollen:ovule ratio. Studies that
test the evolution of selfing and its consequences to flower morphology in intra-specific
populations are not abundant, especially in cases where the evolution of selfing is relatively
early. Arabidopsis lyrata is an ideal model system to test the evolution of mating systems
and its consequence to flower morphology, because the evolution of selfing has taken place
after the last Ice Age in North America ∼ 10, 000-20, 000 years ago. In chapter three, I
describe an experiment to assess the differences between metric and geometric-morphometric
floral traits in six selfing and six outcrossing populations of A. lyrata. I accounted for the
population genetic structure of the species to verify whether evolutionary history could also
explain variation in floral traits. My specific questions were: (a) which floral traits are initially
under strongest selection after the evolution of selfing? (b) how may these morphological
traits vary between outcrossing and selfing populations? (c) may population evolutionary
history explain floral trait variation?

Chapter 4: Effects of mating system and floral trait variation on
pollinator visitation
Selfing is expected to promote the evolution of a flower selfing syndrome in plants. Thus,
selfing species are expected to rely less on pollinators relative to outcrossing species, because
flowers of selfing plants should be more efficient on self-fertilization, but also because
pollinators should be less attracted to their flowers. Studying the effect of floral traits on
pollinator visitation in intra-specific populations with different mating systems is a unique
opportunity to test the consequences of mating system evolution on floral morphology. Again,
A. lyrata constitutes an ideal model system to test the consequences of selfing evolution
on floral morphology and further on pollinator-mediated floral trait selection. In chapter
four, I describe a common-garden experiment, where I assess pollinator visitation on five
selfing and six outcrossing A. lyrata populations. I analyzed the effect of mating system
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and population genetic structure to test whether mating system and population evolutionary
history explain variation in pollinator visitation. I also analyzed pollinator visitation in relation
to floral size and shape to test whether floral traits explained variation in insect visitation.
My specific questions were: (a) after the early evolution of selfing, do selfing populations
receive fewer pollinator visits relative to outcrossing populations? (b) do floral traits explain
visitation number in outcrossing and selfing populations? (c) are flower size and shape under
pollinator-mediated selection after the evolution of selfing?

Chapter 5: Direct and indirect ecological interactions in plants
Plants establish ecological interactions with biotic agents in nature. Antagonists, such as
herbivores, are responsible for reducing plant fitness for example by eating leaves or seeds.
Mutualists, such as pollinators, are responsible for helping plants survive or increase their
fitness in terms of seed set, for example. Therefore, plant fitness should ultimately be the
result of a net-balancing effect of the plant negative (antagonistic) and positive (mutualistic)
ecological interactions. Field studies considering antagonistic and mutualistic effects on the
same plant system are needed to test the selection on plant fitness traits, particularly flower
size. In chapter five, I describe a field experiment conducted at the Mindelsee Nature
Reserve, Germany, where I studied the Gentiana-Phengaris-Myrmica system. I estimated the
negative effect of general and specialist herbivores, but also the positive effect of pollination
on plant fitness of Gentiana asclepiadea. To determine whether specialized Phengaris alcon
oviposition impose selection on plant reproductive traits, I analyzed vegetation, plant- and
ant-host traits. Myrmica, the ant-host of Phengaris, was analyzed to assess its importance
to the system. I also analyzed pollinator visitation to determine whether pollinators impose
selection on flower size traits. To have a general picture of the negative and positive
interactions in Gentiana, I estimated the population plant fitness in terms of fruit size.
To determine whether there is selection in plant reproductive traits after herbivory and
pollination, I carried out a pollen supplementation treatment and assessed seed set as a
measure of plant fitness. My specific questions were: (a) do herbivores impose selection on
plant reproductive traits? (b) do pollinators impose selection on plant reproductive traits?
(c) how does the combined effect of antagonists and mutualists influence plant fitness?

Chapter 6: General discussion and Part IV: Conclusions
To conclude my dissertation, in Chapter 6, I will combine all my findings in an attempt to
place my results in the broader context of the evolution of plant mating systems and its
consequences for flower morphology, pollination and selection on reproductive traits. Finally,
I will give directions for future research.
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Chapter 2
Relatively weak inbreeding depression
in selfing but also in outcrossing
populations of North American
Arabidopsis lyrata
2.1

Abstract

Most angiosperms are hermaphrodite, and can potentially cross- and self-fertilize, even
though most possess adaptations that promote outcrossing and avoid selfing. Evolutionary
transitions to selfing, however, are frequent. Selfing comes with a transmission advantage
over outcrossing, but self-progeny tends to suffer from inbreeding depression. A transition to
selfing is theoretically impossible when inbreeding depression exceeds 50 %, unless under
mate and/or pollinator limitation. Therefore, the estimation of inbreeding depression may
help explain why selfing evolves in some systems, but not in others. Here, we assessed
inbreeding depression in the North American Arabidopsis lyrata, which is normally selfincompatible, with a low frequency of self-compatible plants. However, in a few populations
self-compatibility became fixed resulting in high selfing rates. In a greenhouse experiment, we
estimated inbreeding depression for germination (G), survival (S), biomass production (B),
and cumulative performance (G x S x B) for six outcrossing and five selfing populations. We
predicted that levels of inbreeding depression would exceed 50 % in outcrossing populations,
and would be significantly lower in selfing populations owing to purging. Unexpectedly,
cumulative inbreeding depression was around 30 %, and not different between outcrossing and
selfing populations. To test whether this could be due to the (relatively benign) environment,
we assessed inbreeding depression in plants exposed to drought stress and with induced
defenses. Treatments reduced overall performance, but inbreeding depression estimates
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remained similar. Therefore, we conclude that inbreeding depression does not provide a
strong barrier to the evolution of selfing in North American A. lyrata.
Keywords: drought, genetic load, jasmonic acid, performance, purging, self-fertilization,
stress.

2.2

Introduction

Roughly half of all flowering plants are self-incompatible (Razanajatovo et al., 2016), and
self-incompatibility has been reported in over 100 plant families (Igic et al., 2008), but
transitions from outcrossing to selfing are frequent (Barrett, 2002). Compared to their
outcrossing relatives, selfing species are characterized by smaller flowers that facilitate selfpollination (Sicard and Lenhard, 2011; Tedder et al., 2015), and often have shorter lifecycles
(Razanajatovo et al., 2016). Genetically, selfers have lower heterozygosity and diversity
(Wright et al., 2013), and therefore reduced evolutionary potential (Stebbins, 1957). The
latter likely explains why selfers tend to be more susceptible to generalist herbivores (Johnson
et al., 2009). These features likely provide an advantage for outcrossing on long evolutionary
timescales (Wright et al., 2013), but cannot prevent the evolution of selfing on shorter
timescales.
On shorter timescales, the fate of selfing lineages depends on the balance between the
transmission advantage of selfing and the cost of selfing in terms of inbreeding depression.
On the one hand, selfers have a transmission advantage over outcrossers, because they
transmit both the maternal and paternal gene set to the seeds, rather than only the maternal
set (Fisher, 1941). On the other hand, genomes with an outcrossing history are expected to
accumulate deleterious recessive mutations (genetic load). In cross-progeny, only few of these
mutations will be expressed, owing to high levels of heterozygosity. In self-progeny, however,
increased homozygosity will result in expression of more recessive deleterious mutations
and cause inbreeding depression (Charlesworth and Willis, 2009). As inbreeding depression
constitutes the prime barrier to the evolution of selfing in the short term (Kondrashov,
1985; Lande and Schemske, 1985; Porcher and Lande, 2005), its estimation is important for
understanding the conditions under which selfing can evolve.
Inbreeding depression can be assessed as the reduction in performance of self-progeny
relative to cross-progeny (Ågren and Schemske, 1993). Stressful environmental conditions
(for example drought) and interactions with herbivores may increase the intensity of inbreeding
depression (Armbruster and Reed, 2005), and assessing inbreeding depression under benign
conditions may thus lead to underestimates of inbreeding depression (Reed et al., 2002;
Fox and Reed, 2011), although this is not always the case (Sandner and Matthies, 2016).
Inbreeding depression estimates may also depend on the life-history stage on which they are
18

based. Ideally, estimates should be based on multiple stages covering the complete lifecycle.
As this is particularly challenging for perennials, only few studies report lifetime estimates of
inbreeding depression for perennial self-incompatible species (reviewed in Sletvold et al., 2013,
but see Bellanger et al., 2015), and few have done so while manipulating the environment.
Species with both self-incompatible and self-compatible lineages, where selfing rates
vary across populations, are of special interest in this context. In such systems, the level of
inbreeding depression in self-incompatible lineages may reflect the level of genetic load during
the breakdown of self-incompatibility. Classical theory predicts that the inherent transmission
advantage of selfers should drive the evolution of selfing when inbreeding depression is less
than 50 % (Lande and Schemske, 1985; Schemske and Lande, 1985). In such systems,
whether or not selfing evolves should solely depend on the appearance of phenotypic variants
that increase the selfing rate, whether from standing genetic variation or novel mutations. It
is, however, generally thought that a relatively large genetic load (i.e. inbreeding depression
larger than the theoretical threshold of 0.5) prevents the evolution of selfing, unless ecological
conditions cause mate- and or pollen-limitation (in which case the advantage of reproductive
assurance favors selfers, despite strong inbreeding depression). Nevertheless, there are hardly
any empirical studies that support this prediction (but see Busch, 2005).
Here, we test the prediction that genetic load forms a barrier to the evolution of
selfing by making use of the mating system variation in Arabidopsis lyrata. The species is
normally self-incompatible and outcrossing, but in its North American range a breakdown of
self-incompatibility has led to several fully self-compatible populations. These populations
have evolved high selfing rates, and occur in close geographic proximity to populations
where plants are self-incompatible (Mable et al., 2005; Mable and Adam, 2007; Foxe et al.,
2010; Griffin and Willi, 2014). Specifically, we test (1) whether inbreeding depression is over
the theoretical threshold of 0.5 in six outcrossing populations, and (2) whether purging of
genetic load has occurred in five predominantly selfing populations. We do this in a common
greenhouse in a full factorial design with benign growth conditions crossed with drought
stress and induced defense, so that we could also test (3) whether environmental stress
magnifies inbreeding depression.

2.3
2.3.1

Materials and methods
Study species and seed material

Arabidopsis lyrata (Brassicaceae) is a perennial 10-30 cm tall herb. It is native to Europe and
to North America, and grows on rocky to sandy substrates in open woods or on river banks,
at altitudes of up to 2200 m (Al-Shehbaz and O’Kane Jr, 2002). In the European range,
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the species is self-incompatible, but in North America, selfing has independently evolved
multiple times (Mable et al., 2005). To generate cross- and self-seeds from populations
with contrasting mating systems, we sowed seeds that had originally been collected from
11 North American A. lyrata populations (kindly provided by Barbara Mable, University of
Glasgow). Five of these populations had previously been characterized as predominantly
selfing and six as outcrossing (Foxe et al., 2010). In 2012 and 2013, we produced seeds
by manually cross- and self-pollinating up to eight plants per population (Appendix A). To
produce seeds by outcrossing (cross type “cross”), we emasculated a flower prior to anther
dehiscence, and rubbed over its stigma with a freshly dehisced anther from a haphazardly
chosen plant from the same population. To produce seeds by selfing (cross type “self”), we
self-pollinated several flowers and immediately placed the plants in an individual air-tight
container, which was then filled with a 5 % CO2 -air mixture from a pressurized gas cylinder.
We kept self-pollinated plants in this environment with elevated CO2 concentration for 6-12 h
at ambient temperature, which allows (partially) by-passing the self-incompatibility response
(Nakanishi et al., 1969; see Stift et al., 2013 for details). We used this method to produce
“self” seeds both for self-compatible and self-incompatible plants, but to test for potential
side effects of the CO2 treatment, for self-compatible plants we also produced “self” seeds
under ambient greenhouse conditions without CO2 enrichment. We did not find differences
in germination proportion between self-seeds produced in different pollination environments,
and their progeny did not differ for any of the performance measures (Appendix B). Therefore
we did not distinguish between them in analyses.

2.3.2

Germination and experimental set-up

To simultaneously test whether levels of inbreeding depression in outcrossing populations
exceed 0.5, and whether purging has led to reduced inbreeding depression in selfing populations, we performed a greenhouse experiment in the Botanical Garden of the University of
Konstanz, Germany. To evaluate whether inbreeding estimates under (putatively benign)
greenhouse conditions are representative for more extreme (and more realistic environments),
we also tested whether drought stress and induction of herbivore defense magnified inbreeding
depression. In April 2014, we first selected mother plants for which sufficient “cross” and
“self (CO2 )” seeds were available (at least 20 seeds per cross type). With two exceptions
(RON and PTP, for which we had three and eight mothers, respectively), we could include
five mothers per population (Appendix A). As a procedural control, for all mothers from
selfing populations, we also sowed 20 “self” seeds that had been generated under ambient
conditions (without CO2 enrichment, hereafter referred to as self [ambient]). For one mother
(from population LPT), only “self” seeds formed without CO2 were available. In total, our
design included “cross” and “self” seeds of 30 mothers from the six outcrossing populations
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and 26 mothers from the five selfing populations (Appendix A).
On the 16th of April, we sowed 20 seeds per cross type per mother, in portions of
five seeds per pot (7 x 7 x 6.5 cm3 square pots, Pöppelmann GmbH and Co. KG, Lohne,
Germany) filled with potting soil (Einheitserde und Humuswerke Gebr. Patzer GmbH and
Co., Waldsiedlung, Germany). Pots were randomly assigned to positions in trays covered
with transparent plastic lids in a growth chamber with 90 % relative humidity, 16 h light,
at 21 ◦ C and 8 h dark at 18 ◦ C. On the 5th of May 2014, we transplanted eight randomly
chosen seedlings per mother per cross type to individual pots (9 x 9 x 8 cm3 ) with the same
potting soil as used for germination. We then assigned four seedlings of each mother-cross
type combination to each of two adjacent greenhouse compartments (block I and block II).
For three out of the 56 mothers, fewer than eight (but at least four) seedlings were available
for a certain cross type (Appendix A for details), in which case we assigned four seedlings
of that cross type to block I (discarding any remaining seedlings). For three out of the 56
mothers, fewer than four seedlings were available for a certain cross type (Appendix A, Table
S1), in which case we omitted the mother-cross type combination altogether. Four seedlings
(all in block I) did not survive the transplanting (Appendix A, Table S1). Thus, block I and
II contained 528 and 508 pots, respectively. We randomized pot positions within each block.
One week after transplanting, we turned on artificial illumination to extend the light period
to 16 h. The temperature range was 20-23 ◦ C during the light period and 15-18 ◦ C during
the dark period with a relative humidity of 70 %. Until the drought treatment (see below),
plants were watered ad libitum and fertilized with 0.1 % Scotts Universol® Blue (Everris
International B.V., Waardenburg, Netherlands) once a week.
We employed a full factorial design in which plant defense was induced (or not), and in
which plants were exposed to drought (or not). To induce defenses, we sprayed plants with
the phytohormone jasmonic acid (JA). JA is a signaling hormone known to induce the plant
herbivore defense pathway (Baldwin, 1998; Moore et al., 2003). We applied JA on the 26th
and 27th of May 2014, when plants had on average 10.4 + 0.01 (mean + standard error)
leaves, by spraying plants until imminent runoff with a 1 mM solution of JA (Sigma-Aldrich
Co., Saint Louis, USA), repeating the procedure 1 h later when droplets had evaporated.
Control plants were sprayed in the same manner, but with water. In a side-experiment with
two additional plants for each mother-cross type combination (one treated with JA, one with
water), we confirmed that JA induced a 36.9 % increase in peroxidase activity (Appendix
C), which is thought to toughen cell-walls (Moore et al., 2003). To impose drought, we
stopped watering plants until they visibly lost their leaf turgor (i.e. started to wilt), which
we monitored daily. Wilted plants received 150 mL water to allow recovery. Plants in the
drought treatment wilted 2-7 times during the eight weeks until harvest. Control plants were
watered ad libitum such that the substrate was constantly moist.
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2.3.3

Measurements

To compare the performance of “cross” and “self” progeny (i.e. to assess inbreeding
depression) in outcrossing and selfing populations under the given treatments, we scored
performance traits representing the whole lifecycle. To assess the time to germination
and the germination proportion, we daily recorded germination (yes or no) until seedling
transplanting (three weeks after sowing). We did this for all sown seeds individually. During
the final harvest on the 28th and 29th of July 2014, 12 weeks after transplanting, we recorded
individual plant survival. To estimate sexual performance of the surviving plants, we recorded
whether individual plants had reached the reproductive stage (defined as bolting or flowering)
or not, and collected reproductive tissues (any part of the inflorescence, including the
stalk, stalk-leaves and flower parts). To estimate vegetative performance, we collected the
remaining aboveground tissue (i.e. the rosette leaves). To determine biomass (dry weight)
of reproductive and vegetative tissues, we dried the plant tissues at 70 ◦ C for about 72 h
before weighing.

2.3.4

Statistical analyses

Our procedural control indicated that producing “self” seeds under CO2 -enriched conditions
does not have side-effects on performance (Appendix B). Therefore, we pooled “self” seeds
produced under CO2 with those produced under ambient conditions for further analyses. To
assess whether there were differences between mating systems in performance and inbreeding
depression, and to test whether these differences depended on drought and induced defense,
we used general and generalized linear mixed-effects models implemented in the package
lme4 (Bates et al., 2014) in R (R Core Team, 2013) run through RStudio 0.98.1103 (http:
//www.rstudio.org/). Vegetative performance was estimated as germination proportion
(G), survival (S), vegetative biomass (B), and cumulative performance (G x S x B). We
also assessed flowering success and reproductive biomass. For all traits, the models included
the fixed effects mating system (selfing vs. outcrossing), cross type (“cross” vs. “self”) and
their interaction, and the random effect population (nested in mating system) and mother
(nested in population). In addition, for traits assessed after application of the JA and the
drought treatments (i.e. flowering, survival and biomass), the fixed part also included JA
treatment (sprayed with JA vs. water control), drought treatment (drought vs. ad libitum)
and their interaction.
We used the glmer function to fit binomial traits (germination proportion and flowering
success), employing the bobyqa optimizer with a maximum of 100, 000 iterations. For the
analysis of germination proportion, we included seed weight as a covariate (mean seed weight
in µg based on all sown seeds per mother-cross type combination). We used the lmer function
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Figure 2.1: Effect of cross type (cross vs. self) and mating
system (outcrossing populations in black vs.
selfing
populations in white) on seed germination proportion of
Arabidopsis lyrata. Vertical lines show 95 % confidence
intervals based on the standard error of mating system
means, taken from population samples (n = 5 for
selfing and n = 6 for outcrossing populations). Mean
inbreeding depression (δ) is shown for outcrossing and
selfing populations

for Gaussian traits (reproductive and vegetative biomass, cumulative vegetative performance)
that were square root-transformed to improve residual normality and homogeneity of variance.
Furthermore, we included greenhouse compartment as random effect. For estimating the
coefficients of the fixed and the variance of the random terms, we fitted the models using
restricted maximum likelihood (REML; Zuur et al., 2013). Then, for assessing significances
of the fixed terms, we fitted the models using maximum likelihood (ML), and compared
models with and without each fixed term using likelihood-ratio tests (LRTs; Zuur et al.,
2013). Finally, to compare plant performance between outcrossing and selfing populations
and among the different treatments, we calculated the inbreeding depression index (δ),
for each population with the formula: δ = (wo − ws ) / max(wo , ws ), where wo is the
performance of “cross” progeny, and ws is the performance of “self” progeny (Ågren and
Schemske, 1993).

2.4
2.4.1

Results
Germination and survival

Overall, 78.9 % of the seeds used in the experiment germinated (Fig. 2.1). There was
significant inbreeding depression for germination proportion (δ = 0.12 + 0.03, mean +
standard error; significant effect of cross type in Table 2.1). However, there were no
differences between outcrossing and selfing populations in average germination proportion
(no effect of mating system, Table 2.1) and inbreeding depression (mating system-cross type
interaction not significant, Table 2.1). As almost all germinated plants (1017 out of 1040;
97.8 %) survived until the end of the experiment (Fig. 2.2), we did not analyze survival
separately.
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Table 2.1:

Likelihood-ratio tests for the effect of mating system and cross type on germination proportion of Arabidopsis

lyrata. Chi-square tests and corresponding p values (bold if < 0.05) are shown for fixed effects and interactions. Variances
are shown for random effects

Germination proportion
Fixed effect
mating system
cross type
mating system : cross type
seed weight (covariate)
Random effect

2.4.2

χ2

p

2.40

0.122

47.73

<0.001

2.09

0.148

18.30

<0.001
variance

population

0.23

mother

0.75

Vegetative biomass

Among the 1017 plants that survived until harvest, there was significant inbreeding depression
for vegetative biomass (δ = 0.23 + 0.04; significant effect of cross type, Table 2.2). However,
there were no differences between outcrossing and selfing populations in vegetative biomass
(no effect of mating system, Table 2.2) and inbreeding depression (mating system-cross type
interaction not significant, Table 2.2). Spraying JA (i.e. inducing defenses) significantly
reduced vegetative biomass (Fig. 2.2, Table 2.2), but exposing plants to drought did not
(Table 2.2), and there was no significant interaction between the stress treatments (Table 2.2).
Neither JA nor drought (nor the combination of both) affected the magnitude of inbreeding
depression for vegetative biomass (no significant interactions of JA and/or drought with
cross type, Fig. 2.2).

2.4.3

Flowering and reproductive biomass

About half of the experimental plants flowered, i.e. were at least bolting (512 out of the 1017
that survived). The proportion of plants flowering was significantly lower among JA-induced
plants than among non-induced ones (Fig. 2.2, Table 2.2), but none of the other factors had
a significant effect (Table 2.2). Among the 512 plants that flowered, there was significant
inbreeding depression for reproductive biomass (Fig. 2.2; significant effect of cross type,
Table 2.2). However, there were no differences between outcrossing and selfing populations
in reproductive biomass (no effect of mating system, Table 2.2) and inbreeding depression
(mating system-cross type interaction not significant, Table 2.2). Both drought and JA
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significantly reduced reproductive biomass (Fig. 2.2, Table 2.2) but only drought magnified
the effect of inbreeding depression (significant drought-cross type interaction, Table 2.2).

2.4.4

Cumulative vegetative performance and inbreeding depression

We found significant inbreeding depression for the cumulative vegetative performance (Fig. 2.3;
significant effect of cross type, Table 2.2). However, there were no differences between
outcrossing and selfing populations in cumulative vegetative performance (no effect of mating
system, Table 2.2) and inbreeding depression (mating system-cross type interaction not
significant, Table 2.2). JA reduced cumulative vegetative performance (significant effect
of JA, Table 2.2), but neither JA, nor drought (nor the combination of both treatments)
affected the magnitude of inbreeding depression for cumulative vegetative performance
(no significant interactions of JA and/or drought with cross type, Table 2.2). Inbreeding
depression for cumulative vegetative performance ranged from 17.8 to 42.3 % (average:
28.3 %) for selfing populations and from 13.2 to 41.4 % (average: 31.3 %) for outcrossing
populations (Table 2.3).
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Figure 2.2: Effect of cross type (cross vs. self) and mating system (outcrossing populations in black vs. selfing populations in
white) on survival (first row), vegetative biomass (second row), flowering (third row) and reproductive biomass (last row) in
Arabidopsis lyrata. The response of each trait is shown in four panels that indicate the control, drought, JA, and drought with
JA treatments. Vertical lines show 95 % confidence intervals based on the standard error of mating system means, taken from
the selfing (n = 5) and outcrossing (n = 6) population samples. Mean inbreeding depression (δ) is shown for outcrossing
and selfing populations. Table 2.3 give population and treatment means

Figure 2.3: Effect of cross type (cross vs. self) and mating system (outcrossing populations in black vs. selfing populations
in white) on cumulative vegetative performance in Arabidopsis lyrata. Cumulative vegetative performance was measured as
the product of germination proportion with survival and vegetative biomass, and its response is here shown in four panels,
representing the control, drought, JA, and drought with JA treatments. Vertical lines show 95 % confidence intervals based
on the standard error of mating system means, taken from the selfing (n = 5) and outcrossing (n = 6) population samples.
Mean inbreeding depression (δ) is shown for outcrossing and selfing populations
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Table 2.2:

Likelihood-ratio tests for the effect of mating system, cross type, drought and JA on vegetative biomass, flowering, reproductive biomass and cumulative vegetative performance in

Arabidopsis lyrata. Chi-square test statistics and corresponding p values (bold if < 0.05) are shown for fixed effects and interactions. Variance estimates are shown for random effects

Vegetative
biomass

Flowering

Reproductive
biomass

Cumulative vegetative
performance

χ2

p

χ2

p

χ2

p

χ2

p

0.08

0.777

0.16

0.694

0.16

0.694

0.89

0.345

crosstype

93.86

<0.001

0.81

0.367

6.56

0.011

154.33

<0.001

JA

66.60

<0.001

3.87

0.049

14.37

<0.001

50.59

<0.001

drought

0.98

0.323

0.75

0.386

5.84

0.016

1.30

0.254

mating system : crosstype

3.40

0.065

1.66

0.198

0.22

0.636

1.38

0.241

mating system : JA

0.66

0.417

0.23

0.629

0.59

0.442

0.55

0.457

mating system : drought

0.10

0.757

0.06

0.806

2.21

0.138

0.10

0.753

crosstype : JA

0.46

0.497

0.10

0.748

2.62

0.106

0.79

0.373

crosstype : drought

0.50

0.478

1.51

0.219

4.04

0.045

0.01

0.920

JA : drought

0.83

0.362

0.16

0.693

3.65

0.056

0.77

0.382

mating system : crosstype : JA

0.12

0.729

1.11

0.293

0.17

0.684

0.08

0.781

mating system : crosstype : drought

1.09

0.297

0.07

0.785

0.25

0.615

0.34

0.559

mating system : JA : drought

0.90

0.342

0.07

0.785

0.01

0.940

0.12

0.730

crosstype : JA : drought

0.16

0.694

1.07

0.301

0.02

0.901

0.01

0.965

mating system : crosstype : JA : drought

0.01

0.988

0.01

0.985

0.43

0.515

0.06

0.804

49.60

<0.001

20.27

<0.001

3.59

0.058

61.28

<0.001

Fixed effect
mating system
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time to germinate (covariate)
Random effect
population
mother
greenhouse compartment

variance

variance

variance

variance

0.01
0.02
0.01

0.99
2.05
0.34

0.04
0.05
0.01

0.01
0.02
0.06

2.5

Discussion

Theory predicts that selfing should be selected over outcrossing if inbreeding depression is
below 0.5 (Lande and Schemske, 1985). Here, we found for North American A. lyrata a
mean cumulative inbreeding depression of δ = 0.30, and that this was not different between
outcrossing and selfing populations. Thus, our result implies that inbreeding depression
does not pose a strong barrier to the evolution of selfing in North American A. lyrata. This
helps explain that high selfing rates could evolve in several populations (Mable et al., 2005).
However, most known populations are still predominantly self-incompatible and outcrossing
(Foxe et al., 2010; Griffin and Willi, 2014). This raises the question why higher selfing rates
have not evolved throughout the entire North American range.
Table 2.3:

Inbreeding depression estimates (δ) for all six outcrossing and five selfing populations measured as single

traits (germination proportion, vegetative biomass, flowering and reproductive biomass) and a cumulative trait (cumulative
vegetative performance). Mean and standard error (SE) are shown in outcrossing and selfing populations for each trait

Mating

Population

Germination

Vegetative

proportion

biomass

IND

0.059

0.141

MAN

−0.014

PCR

0.139

PIN
SBD

system
outcrossing

mean δ (SE)

Reproductive

Cumulative

biomass

veg. perf.

0.553

0.437

0.132

0.440

0.242

0.366

0.414

0.345

0.195

0.471

0.367

0.237

0.035

−0.367

−0.489

0.291

0.221

0.322

0.072

0.516

0.397

0.048

0.258

0.333

−0.429

0.274

0.12 (0.04)

0.26 (0.06)

0.17 (0.13)

0.15 (0.19)

0.31 (0.04)

LPT

0.108

0.070

−0.167

0.092

0.178

PTP

0.079

0.148

−0.437

−0.920

0.228

TSS
mean δ (SE)
selfing

Flowering

RON

0.123

0.165

0.059

0.221

0.271

TC

0.070

0.270

0.059

0.082

0.316

TSSA

0.292

0.291

−0.085

−0.412

0.423

0.13 (0.04)

0.19 (0.04)

−0.11 (0.09)

−0.19 (0.21)

0.28 (0.04)

One potential explanation is that our measures underestimate inbreeding depression in
nature. Inbreeding depression may be less pronounced under benign greenhouse conditions
that do not expose plants to the challenges met in the wild (Armbruster and Reed, 2005).
Inducing defense by treatment with JA resulted in reduced vegetative growth and reproduction
(but better defense against a powdery mildew infestation, see Appendix D), and drought
reduced the reproductive biomass, which indicate that these treatments were stressful to the
plants. Nevertheless, our experiment yielded very similar estimates of inbreeding depression
across the four different sets of greenhouse conditions. Our results therefore suggest that it
is unlikely that inbreeding depression would be much higher in nature.
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Inbreeding depression estimates also depend on how and when performance is assessed
(Husband and Schemske, 1996). In this study, we used fitness-related traits throughout
the lifecycle of A. lyrata in one season to estimate inbreeding depression. Furthermore, we
calculated a cumulative measure of performance as the product of germination proportion,
survival and biomass yield during a single growth season. We chose to include biomass in
the cumulative performance measure instead of first-year reproduction, because biomass is a
reasonable predictor of the lifetime survival and fecundity in the perennial A. lyrata (Løe,
2006; Sandring and Ågren, 2009). A previous study in the same species, set in a single garden
environment, calculated cumulative performance in a similar way, but used multi-year flower
or fruit production instead of vegetative biomass (Willi, 2013b), and also found inbreeding
depression estimates that were consistently below 0.5 (δ = 0.30 in our study vs. δ = 0.18
in Willi, 2013b). Although neither of the two studies estimated fecundity in terms of seed
set and performance of the progeny, they both indicate that inbreeding depression is not
severe enough to prevent the evolution of selfing in North American A. lyrata.
There is a further complication when studying inbreeding depression in self-incompatible
(SI) species that might affect inbreeding-depression estimates. Since SI species can in
principle not produce seeds by self-fertilization, methods to by-pass the SI response have
to be employed to obtain “self” seeds. The most commonly applied methods include bud
self-pollination (e.g. Sletvold et al., 2013; Willi, 2013b) and self-pollination in a CO2 -enriched
environment (e.g. Stift et al., 2013). Such self-pollinations usually do not yield as many seeds
as cross-pollinations, which could reflect early (i.e. during seed development) inbreeding
depression, but may also be a consequence of incomplete by-passing of the SI response. The
latter was shown by an increased failure of pollen tube growth after bud self-pollination in
A. lyrata (Oakley et al., 2015). Early inbreeding depression could be distinguished from
self-incompatibility by microscopically examining the ratio between unfertilized and fertilized
ovules in immature siliques. Like all earlier studies (Sletvold et al., 2013; Willi, 2013b;
Oakley et al., 2015), we avoided prematurely harvesting siliques, in order to maximize the
number of seeds available for our experiment. The contribution of mortality during early
seed development to inbreeding depression in self-incompatible species thus remains to be
investigated.
In contrast to the North American subspecies of A. lyrata, selfing has not evolved in
the European subspecies. This raises the question how our estimates of inbreeding depression
in the North American subspecies compare to those in the European subspecies of A.
lyrata. Under the assumption that lower seed yield after self-pollination is due to inbreeding
depression and not related to incomplete by-passing of the SI response after bud pollination,
cumulative inbreeding depression (seed set x germination x survival x biomass) in two
Scandinavian A. lyrata populations was more than 0.8 (Sletvold et al., 2013). When based
on the same life-history traits as in our study (i.e. as the product of germination, survival
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and biomass, but excluding seed set), the inbreeding depression was 0.51. Thus, inbreeding
depression in the European range appears to be stronger than in the North American range.
This is in line with other evidence that North American populations have gone through a
bottleneck that may have played a role in purging of the genetic load (Ross-Ibarra et al.,
2008; Pujol et al., 2009; Mable et al., 2016) which allowed for the evolution of selfing.
Our finding that inbreeding depression was not reduced in selfing populations compared
to outcrossing ones indicates that inbreeding has not led to further purging of genetic load
in selfing populations. This suggests that the inbreeding depression in North American
populations is likely caused by many mutations of small effect, as these are difficult to purge
(Lande and Schemske, 1985; Lynch et al., 1995), or that the remaining inbreeding depression
is mainly because of heterozygote advantage, and cannot be purged (Charlesworth and
Charlesworth, 1987). Consequently, selfing populations could build up a drift load, resulting
in reduced overall performance, due to random fixation of recessive mutations with a small
deleterious effect. Our results, however, do not provide evidence for the existence of such a
drift load. This confirms results from another greenhouse experiment specifically focused on
detecting inherent differences in performance between plants from outcrossing and selfing
populations of A. lyrata (Joschinski et al., 2015). Garden experiments in A. lyrata showed
that selfing populations expressed more heterosis after between-population crosses, and had
a reduced performance, which does suggest that selfing populations have accumulated a
drift load (Willi, 2013b; Oakley et al., 2015). Possibly, this discrepancy can be explained by
differences in the test environment between studies and by the performance traits considered.

2.6

Conclusion

Our results show that inbreeding depression in North American A. lyrata populations was
below the threshold that would prevent the evolution of selfing. Moreover, in populations
with naturally high selfing rates, estimates of inbreeding depression were comparable to those
found in populations with high outcrossing rates. This indicates that the evolution of selfing
has not led to further purging of genetic load, and suggests that the inbreeding depression
in North American A. lyrata is mainly due to many deleterious mutations with small effect,
which cannot be purged efficiently. Finally, stress imposed by drought and induction of
defense did not magnify inbreeding depression relative to estimates obtained under benign
greenhouse conditions (also see Appendix E). This supports the robustness and generality
of our estimates to environmental influences. Taken together, our results support the idea
that selfing could evolve in North American A. lyrata because the barrier to the evolution of
selfing was low.
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Chapter 3
Small reductions in corolla size and
pollen:ovule ratio, but no changes in
flower shape in selfing populations of
the North American Arabidopsis lyrata
3.1

Abstract

The shift from outcrossing to selfing is often accompanied by striking changes in floral
morphology towards a “selfing syndrome”, which is characterized by flowers with reduction
in size, pollen:ovule (P/O) ratio and herkogamy. This study aims to test whether such
changes have occurred in the North American Arabidopsis lyrata, which is of particular
interest because of the relatively recent transitions to selfing in this system. Flower size,
flower shape, herkogamy levels, P/O ratio and floral integration of six self-incompatible
(outcrossing) and six self-compatible (selfing) populations of A. lyrata were measured in a
common environment using conventional and geometric morphometrics methods. Although
selfers had on average 9.2 % smaller corollas, 8.4 % longer pistils and 21.5 % lower P/O
ratios than outcrossers, there were no differences in shape, floral integration and herkogamy
between outcrossing and selfing populations. Moreover, most variation in floral traits was
explained by population genetic background rather than by mating system. We conclude
that selfing populations in A. lyrata have not evolved a selfing syndrome.
Keywords: breeding system, evolution, geometric morphometrics, self-compatibility, selfing
syndrome
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3.2

Introduction

Self-incompatibility is reported in over 100 plant families, and about half of all flowering
plants possess a molecular self-incompatibility system (Raduski et al., 2012). At the same
time, the breakdown of self-incompatibility is very frequent (Igic et al., 2008). This has
repeatedly given rise to the rapid evolution of self-fertilizing (selfing) species, many of which
exhibit the typical selfing syndrome, characterized by relatively small and inconspicuous
flowers, reduced herkogamy and reduced pollen:ovule (P/O) ratios (reviewed in Sicard and
Lenhard, 2011). For example, the selfing Capsella rubella (Brassicaceae) evolved from its
outcrossing ancestor C. grandiflora ∼ 30, 000 - 50, 000 years ago (Foxe et al., 2009; Guo et al.,
2009), and this was sufficient to lead to an 84.7 % reduction in petal area (Sicard et al.,
2011). The evolution of the selfing syndrome is not merely a neutral degeneration of traits
that promote outcrossing, but also involves adaptations to the specific life history of selfers
(Shimizu and Tsuchimatsu, 2015). This makes the evolution of the selfing syndrome an
important and interesting phenomenon both from an ecological and evolutionary perspective.
Besides directional trait changes towards the selfing syndrome, the evolution of selfing
may also reduce floral integration (i.e. phenotypic correlations among floral traits; Pérez et al.,
2007). The idea here is that in obligately outcrossing self-incompatible plants, pollinators
exert stabilizing selection on certain combinations of floral traits (Berg, 1960). If pollinators
are no longer required for pollination (with autonomous selfing), one would expect relaxed
selection on these traits and as consequence reduced floral integration. Indeed, reduced floral
integration was observed in the selfing Leavenworthia alabamica (Brassicaceae) (Anderson
and Busch, 2006). However, we are unaware of other systems in which floral integration has
been assessed after the transition to selfing, and so the generality of this pattern remains to
be tested.
To allow inferences about the sequence and timing of the transition to selfing, reduction
in flower size and reduction in P/O ratio, and avoid the confounding effects that emerge
after different divergence times, study systems are needed in which the breakdown of selfincompatibility and the evolution of selfing has been relatively recent. Several such systems
have been discovered in different families and studied in the context of floral morphology.
For example, self-incompatibility has broken down in marginal populations associated with
higher selfing rates and floral changes towards the selfing syndrome in Abronia umbellata
(Nyctaginaceae) (Doubleday et al., 2013), Arabis alpina (Brassicaceae) (Tedder et al., 2015),
and Camissoniopsis cheiranthifolia (Onagraceae) (Button et al., 2012). In Leavenworthia
crassa, self-incompatible and self-compatible individuals occur sympatrically, but can clearly
be distinguished based on flower size: selfers have smaller flowers (Lyons and Antonovics,
1991). In L. alabamica, two transitions to selfing have occurred, one ∼ 150, 000 years
ago, which led to a clear flower size reduction, and one 12, 000 - 50, 000 years ago, without
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clear size reduction (Busch et al., 2011). Hence, in most examples of intraspecific mating
system variation, outcrossing and selfing populations – while considered monospecific – are
geographically separated and/or occur in distinct habitats, with distinct floral syndromes.
Thus, some differences in flower morphology may not be due to selection for selfing but
rather attributed to a separate evolutionary history.
To limit such confounding effects and to specifically allow making inferences about
the order and timing of trait changes after the transition to selfing, it would therefore
be useful to identify systems in which the transition to selfing is likely even more recent.
Arabidopsis lyrata (Brassicaceae) may provide such a system. This species is normally
self-incompatible, but self-incompatibility has repeatedly broken down in populations of the
North American A. lyrata (Mable et al., 2005; Mable and Adam, 2007). Most populations
still have a high frequency of self-incompatible plants, and are predominantly outcrossing
(multi-locus outcrossing rate: 0.83 < tm < 0.99). In some populations, the majority of
plants are self-compatible, and although these could theoretically still outcross, population
level outcrossing rates indicate that they are predominantly selfing (multi-locus outcrossing
rate: 0.09 < tm < 0.41) in different population genetic backgrounds (Hoebe et al.,
2009; Foxe et al., 2010; Griffin and Willi, 2014). This suggests that there are multiple
independent origins of selfing, and that selfing populations are of such recent origin that
they are genetically very close to their putatively ancestral self-incompatible (outcrossing)
populations (Foxe et al., 2010). Since selfing syndromes can evolve on relatively short
timescales (e.g. 30, 000 - 50, 000 years was sufficient for C. rubella to develop a typical selfing
syndrome; Foxe et al., 2009; Guo et al., 2009), we expect that intraspecific changes towards
the selfing syndrome may already be detectable within A. lyrata, but should be of smaller
magnitude compared to those in C. rubella. Alternatively, if pollinators are still required for
(self) pollination, there may be no changes at all. A pilot study of floral size in A. lyrata
found no consistent differences between two outcrossing and two selfing populations (Hoebe,
2009), but there has not been a more conclusive comparison of floral size and morphology
between outcrossing and selfing populations in this system. This is not only of fundamental
interest, but may also provide important background knowledge for studies that address the
ecological drivers of changes towards the selfing syndrome.
Here, we present a detailed description of the standing phenotypic variation for a
suite of floral traits in outcrossing and selfing populations of A. lyrata, to test whether
floral morphology in selfing populations has evolved towards states typical of the selfing
syndrome, and whether pre-adaptation may have played a role in the transition to selfing.
Additionally, as there are indications that corolla shape in outcrossing Brassicaceae is under
strong pollinator selection (Gómez et al., 2006, 2008), we test whether there are shape
changes and reduced floral integration in the selfing populations of A. lyrata. Although
plants in these selfing populations are not entirely autonomously selfing, different pollinators
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may be responsible for self-pollination than for cross-pollination, for which syrphid flies and
small bees are assumed to be responsible (Clauss and Koch, 2006; Sandring and Ågren,
2009). To the best of our knowledge, potential changes in corolla shape have never been
considered before in the context of the evolution of selfing. To this end, we apply landmarkbased geometric-morphometric analysis, which allows detecting subtle differences in floral
morphology (Savriama and Klingenberg, 2011). In addition, to test for reduced floral
integration in selfing populations, we calculated phenotypic integration indices based on
floral traits (Cheverud et al., 1989; Wagner, 1984). We specifically address four questions:
(1) Which, if any, floral traits evolved towards states characteristic of the selfing syndrome in
selfing populations, and do certain traits show larger magnitudes of change? (2) Are there
differences in corolla shape between outcrossers and selfers? (3) Are flowers in outcrossing
populations more integrated than flowers in selfing populations? (4) Are differences in
floral morphology between outcrossing and selfing populations consistent across different
population genetic backgrounds?

3.3
3.3.1

Materials and methods
Study species and seed material

Arabidopsis lyrata subsp. lyrata (Brassicaceae) grows in sand dunes, by lakesides and on
rocky outcrops. Flowers have four white petals, four long and two short stamens, and a
central monocarpic gynoecium with 20-36 ovules (Al-Shehbaz and O’Kane Jr, 2002). Since
the first report of the breakdown of self-incompatibility and transition to selfing in North
American populations of A. lyrata around the Great Lakes (Mable et al., 2005), the system
has been used as a model to address a diversity of topics relevant to the evolution of selfing,
including genetic and population genetic consequences of inbreeding (e.g. Foxe et al., 2010;
Haudry et al., 2012; Griffin and Willi, 2014), genetic load (e.g. Stift et al., 2013; Willi,
2013a), sex allocation (Willi, 2013b) and resistance to pathogens (Hoebe et al., 2011).
However, the floral morphology and the potential evolution towards the selfing syndrome
have not been investigated to date. We used A. lyrata plants raised from seeds collected
in populations in the Great Lakes region of Eastern North America (kindly provided by
Dr. Barbara Mable, University of Glasgow). The mating system of these populations had
previously been characterized through estimation of outcrossing rates using progeny arrays
and microsatellite genotyping, and their population genetic structure had been assessed based
on microsatellite and sequence markers (Foxe et al., 2010). Using this prior information, we
selected six outcrossing 0.82 < tm < 1.00 and six selfing 0.08 < tm < 0.42 populations
from seven population genetic backgrounds. Two of these backgrounds included both selfing
and outcrossing populations, whereas the other backgrounds consisted of either selfing or
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outcrossing populations. A larger scale phylogeographic study made by Griffin and Willi
(2014) identified a western and eastern cluster. All populations that we used are from the
western cluster, with exception of LPT, which was west-east admixed (Griffin and Willi,
2014; Appendix F for details).

3.3.2

Experimental design and photography

In March 2013, we sowed one seed of each of 190 seed families representing the six selfing
and six outcrossing populations (Appendix F for sample sizes). To spread the workload of
the morphometric analyses, we sowed the seeds in two batches separated by four weeks
(respectively 91 and 99 seeds for batches 1 and 2). Each population was represented in
both batches with six to 23 seeds. We randomly sowed the seeds into 2.5 x 3.2 x 11.0 cm3
cells of six QP 54 T/11 QuickPot trays (HerkuPlast Kubern GmbH, Ering/Inn, Germany)
filled with 160 cm3 potting soil (Einheitserde und Humuswerke Gebr. Patzer GmbH &
Co., Waldsiedlung, Germany). Then, we covered the trays with transparent lids and placed
them in a growth chamber with 16 h light at 20 ◦ C and 8 h dark at 15 ◦ C. To minimize
position effects on growth and flowering, we re-randomized positions of the trays in the
growth chamber weekly. Five weeks after germination, we transplanted the seedlings into
9 x 9 x 8 cm3 pots (Pöppelmann GmbH & Co. KG, Lohne, Germany) filled with 500 cm3 of
a 2:1 potting soil and sand mixture. When flowering started, we fertilized the plants with
1:1000 Scotts Universol® blue (Everris International B.V., Waardenburg, Netherlands) every
two weeks until the end of the experiment in September 2013.
To test whether floral morphology differed between mating systems and among populations with different genetic backgrounds, we assessed the size, shape, herkogamy, and
pollen and ovule numbers of two flowers per plant for all seed families (each seed family was
represented by one plant; nine out of 190 plants did not flower, Appendix F for details). For
size and shape estimations, we placed flowers and a size standard on a black background
(1.5 % agar with 0.5 % activated carbon), such that the petals and size standard lay flat
on the agar surface, while standardizing the orientation of the adaxial/abaxial sides of
the flowers. We then made standardized photographs of the flowers in planar front-view
(Appendix G, Figure ESM2.1a). To allow calculation of pistil length and anther-stigma
distances (herkogamy), we made a second set of photographs on the same flowers. For this,
we dissected the flowers and fixed them to a tube support in side-view (Appendix G, Figure
ESM2.1b). For all photography, we used a NIKON D7100 camera and a SIGMA 150 mm
F2.8 APO EX DG OS macro lens. To minimize variation due to development and time of
day, we only selected flowers among the first 20 produced on the main inflorescence, and
took photos between 1000 h and 1500 h. We standardized flower age by selecting flowers
that had fully opened, right after anther dehiscence (fresh pollen visible on anthers).
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3.3.3

Morphometric analyses: flower size, flower shape and herkogamy

In total, we digitized 349 flowers, from 112 plants from six outcrossing populations, and
69 plants from six selfing populations (for 13 plants we could only sample one flower, for
the others we sampled two flowers per plant). To estimate flower size, we calculated the
corolla area of front-view pictures using ImageJ 1.47q (http://imagej.nih.gov/ij/) and
performed a more detailed assessment of size and shape using landmark-based geometric
morphometrics (Appendix G for details). To quantify shape variation, we first made four
geometric transformations of the landmark-configuration data: identity, rotation by 180◦ ,
reflection about the vertical axis and rotation plus reflection (modified from Savriama and
Klingenberg, 2011). Then, we estimated corolla shape variation with a full Procrustes
fit on the transformed landmarks (averaged by plant) followed by a principal component
analysis (PCA) (Klingenberg, 2014) using MorphoJ 1.06d (http://www.flywings.org.
uk/MorphoJ_page.htm). Similar to Savriama et al. (2012), we accounted for the flower
as a dissymmetric (two perpendicular symmetry axes) object in our analysis (Fig. 3.2a).
Hence we categorized flower shape, i.e. corolla top-view arrangement, into four types of
symmetry variation: dissymmetric, monosymmetric with top-bottom differences (termed
adaxial-abaxial in Savriama et al., 2012), monosymmetric with left-right differences and
asymmetric (termed rotational asymmetry in Savriama et al., 2012). Dissymmetric variation
can be interpreted as the change in corolla shape where each of the four petals show equal
magnitude of directional change, both vertically (from top to bottom) and horizontally (from
left to right). In practice, this category of shape variation represents thickness and form of
petals. Monosymmetric variation can be interpreted as the symmetrical change in corolla
shape, given that corolla has two symmetry axes, on only one axis, whereas the other axis
show mirror image mismatch. Thus, monosymmetry variation can assume two types, rather
left-right match with top-bottom differences or top-bottom match with left-right differences.
This type of variation may represent differences in petal position (more to one side than
to the other), proportional petal area and petal form. Finally, asymmetric variation can
be perceived as the lack of similarity between neighbor petals and no mirror-image match
between the halves of the horizontal or vertical axes. This category shows combined changes
in rotation and reflection, when you compare any two halves of the corolla. To estimate
pistil length and herkogamy, we placed eight true landmarks on stamens and pistils of the
same flowers used for size and shape estimations and calculated Euclidean distances between
them using coordinates of the landmark data (Appendix G for details).

3.3.4

Pollen number, ovule number, P/O ratio and pollen size

To estimate P/O ratios, we sampled two flower buds from each plant in our design that
flowered and produced sufficient flowers (13 out of the 181 flowering plants stopped flowering
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before bud sampling, Appendix F). For each collected bud, we counted the numbers of ovules
and pollen grains. To count ovules, we first cut the ovaries lengthwise along their septum
using fine forceps and razor blades. Then, we placed both halves of the ovaries on a Petri
dish, and counted the ovules using a stereoscope (60x magnification) in which the light beam
was set from below (Kearns and Inouye, 1993). To count pollen grains, we first collected
the six non-dehisced anthers in Eppendorf tubes using fine forceps. Then, we left the tubes
opened in an oven at 70 ◦ C overnight to promote dehiscence of pollen. On the following
day, we added 30 µL of 5.0 % Tween-80 to each tube, then vortexed and sonicated each
tube for 20 min with a SONOREX RK 156 H (BANDELIN electronic GmbH & Co. KG,
Berlin, Germany) to release pollen from the anthers. To count pollen and measure pollen
size, we transferred 10 µL of the Tween-pollen suspension to a Marienfeld Superior counting
chamber (Paul Marienfeld GmbH & Co. KG, Lauda-Könighofen, Germany). For each slide,
we photographed five of the 16 counting chamber’s sub-quadrants (each covering an area
of 2, 500 µm2 with a volume of 0.004 µL) using a light transmitting microscope Axioskop
(Carl Zeiss Microscopy GmbH, Germany). Finally, we estimated pollen number and pollen
size using the function “Analyze Particles” in ImageJ 1.47q.

3.3.5

Floral integration

Based on their expected functional integration to achieve pollination and fertilization (Klingenberg, 2014), we selected six floral traits to estimate the floral integration: corolla area,
short-stamen length, long-stamen length, pistil length, pollen number and ovule number.
These traits correspond to those used in a similar study in Leavenworthia (Anderson and
Busch, 2006). As a measure of floral integration of organ size and pollen and ovule number,
we first calculated phenotypic integration indices based on the variance of the eigenvalues
of the correlation matrix between the phenotypic traits (Wagner, 1984), then we corrected
those indices by the number of traits and samples per population (Cheverud et al., 1989),
using the R package PHENIX (Torices and Muñoz Pajares, 2016) in R 3.0.2 (R Core Team,
2013). To test whether the corrected phenotypic integration indices differed between mating
systems, we used a one-sided Mann-Whitney test.

3.3.6

Other statistical analyses

To test whether flower size (corolla area and centroid size, the square root of the summed
squared distances of each landmark from the centroid of the landmark configuration), flower
shape (principal component scores of shape), short- and long-stamen herkogamy, pistil
length and P/O ratio differed between outcrossing and selfing populations, we used general
linear mixed-effects models (GLMMs) in R with a Gaussian error distribution (R package
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lme4, Bates et al., 2014). The fixed effects included mating system (outcrossing or selfing)
and population genetic cluster (based on microsatellites and sequence markers, Foxe et al.,
2010). To account for blocking effects and non-independence of multiple measurements
per population and plants, we included population, tray and plant in the random part of
the model. In order to simplify the analysis, our models did not include batch, as initial
models including batch did not provide a significantly better fit (data not shown). To
improve normality and homogeneity of the residuals, we loge -transformed corolla area, and
we square-root-transformed corolla perimeter and herkogamy. As we were interested in
how genetic clusters differed from each other, we included genetic cluster as a fixed effect.
Furthermore, this allowed us to specifically test whether differences due to mating system
were consistent across genetic clusters. To this end, we analyzed the subset of the two
genetic clusters that contained both outcrossing and selfing populations separately. For this,
we used the same modelling approach as for the complete dataset, with the addition of the
interaction between mating system and population genetic cluster. For assessing significance
of the fixed terms, we fitted the models using maximum likelihood (ML), and compared
models with and without each fixed term using likelihood-ratio tests (LRTs; Zuur et al.,
2013). In cases where population genetic cluster had a significant effect, we used post hoc
Tukey tests with the function glht in the R package multcomp (Hothorn et al., 2015) to
assess which pairs of clusters differed significantly.

3.4
3.4.1

Results
Flower size

There was considerable variation in corolla area within and among populations (Fig. 3.1a). On
average, selfers had a 9.2 % significantly smaller corolla area (mean + SD; 53.41+10.32 mm2 )
than outcrossers (58.85 + 11.56 mm2 ). Centroid size (square root of the summed squared
distances of each landmark from the centroid of the landmark configuration) did not differ
significantly between selfing and outcrossing populations. Compared to the effect of mating
system, there were more pronounced differences in both corolla area and centroid size among
populations that belonged to different genetic clusters (Fig. 3.1a). For example, the two
clusters with outcrossing and selfing populations differed: cluster “blue” (with populations
PCR-PIN-PTP-RON, in which outcrossing populations are underlined) had a 30.4 % larger
corolla area and a 22.1 % larger centroid size than cluster “pink” (TSS-TC-TSSA) (Appendix
H for all GLMM contrasts). Within the subset of the two clusters with outcrossing and selfing
populations (clusters “blue” and “pink”), corolla area and centroid size differed significantly
between clusters, but mating system and the mating system by cluster interaction did not
have a significant effect (Appendix I).
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Table 3.1: Effects of (population genetic) cluster and mating system on floral traits of Arabidopsis lyrata
from the GLMM analyses. Traits used were: corolla size (area, centroid size, perimeter and dissection
index), corolla shape (dissymmetric [PC1], monosymmetric with top-bottom [PC2] and monosymmetric
with left-right [PC3] variation), pistil length, herkogamy levels (short-[SL] and long-stamens [LS]), pollen
and ovule numbers, and P/O ratio. p values were based on LRTs and significant effects are shown in bold.
Random effects of population, individual plant, tray and residual error are shown as variance estimates
Floral trait, (unit)

Fixed effects
Cluster

Random effects

Mating system

χ2

p

χ2

p

corolla area, loge (mm2 )

29.15

<0.001

3.93

centroid size

27.72

<0.001

0.41

corolla perim., sqrt(mm)

28.51

<0.001

2.42

Variance
population

plant

tray

residual

0.047

0.006

0.031

0.001

0.027

0.521

1.837

3.251

0.202

2.393

0.120

0.026

0.072

0.008

0.144

dissection index, loge ()

25.53

<0.001

0.03

0.866

< 0.001

0.004

< 0.001

0.005

corolla shape, (PC 1)

18.36

0.010

2.50

0.114

0.002

0.004

0.001

0.011

corolla shape, (PC 2)

10.00

0.189

0.01

0.911

< 0.001

< 0.001

< 0.001

0.005

corolla shape, (PC 3)

14.71

0.040

5.83

0.016

< 0.001

< 0.001

< 0.001

0.004

pistil length, (mm)

20.78

0.004

7.96

0.005

0.032

0.203

< 0.001

0.162

SS length, sqrt(mm)

28.02

<0.001

0.29

0.593

0.003

0.016

< 0.001

0.011

LS length, sqrt(mm)

25.24

<0.001

2.16

0.142

< 0.001

0.006

< 0.001

0.007

SS herkogamy, sqrt(mm)

9.91

0.194

1.20

0.274

0.001

0.005

< 0.001

0.007

LS herkogamy, sqrt(mm)

8.28

0.308

0.23

0.635

0.001

0.005

< 0.001

0.005

pollen number

18.23

0.011

4.09

0.043

< 0.001

80 x 105

61 x 105

41 x 107

ovule number

26.36

<0.001

10.33

0.001

1.897

21.991

1.688

12.053

P/O ratio

28.36

<0.001

12.14

<0.001

< 0.001

47 x 102

20 x 103

54 x 104

5.06

0.537

0.07

0.785

21 x 10

65.073

6.043

53 x 10

pollen size, (µm2 )

3.4.2

Flower shape

The majority of total shape variation (72.0 %) was dissymmetric and mainly accounted
for by PC 1, which explained 66.4 % of the total variance and represented the degree
to which flowers were compressed along the two perpendicular symmetry axes. Gómez
et al. (2006) found the same pattern in E. mediohispanicum, describing it as the degree to
which petals were parallel. The remaining 28.0 % of the total shape variation was mainly
monosymmetric: the second principal component (PC 2; 13.3 % of total variance) reflected
top-bottom variation and the third principal component (PC 3; 10.6 %) reflected left-right
variation (Fig. 3.2c; Appendix G). The other principal components (among others reflecting
asymmetry), each explained less than 10.0 % of the total variance.
There were no significant differences in shape between outcrossing and selfing populations for dissymmetric (PC 1) and monosymmetric (PC 2) shape variation (Fig. 3.3). For the
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left-right monosymmetric variation (PC 3), we found that flowers with petals converging to
the left were more common in selfers, whereas in outcrossers we found the opposite tendency
(Table 3.1). Population genetic cluster explained variation in shape for the dissymmetric
and left-right monosymmetric variation, which accounted for 77.0 % of the total variation.
Post hoc Tukey tests, however, showed that contrasts between genetic clusters were not
significant for any of the shape components (Appendix H). Within the subset of the two
clusters that contained both outcrossing and selfing populations (clusters “blue” and “pink”),
the effects of mating system, genetic cluster and their interaction were also not significant
(Appendix I).

3.4.3

Stamen length, pistil length and herkogamy

Selfers had 8.4 % longer pistils (mean + SD; 3.79+0.36 mm) than outcrossers (3.47+0.26 mm;
significant effect of mating system in Table 3.1), but there were no significant differences
between mating systems in stamen length or herkogamy. There were significant differences
among population genetic clusters for pistil and stamen length, but not for herkogamy (Table 3.1). Compared to cluster “blue” (populations PCR-PIN-PTP-RON), cluster “pink” (TSSTC-TSSA) had shorter pistils (although contrast only marginally significant at p = 0.065;
Fig. 3.1b), significantly shorter short stamens (2.48 + 0.12 mm vs 2.80 + 0.05 mm) and
significantly shorter long stamens (3.37 + 0.14 mm vs 3.78 + 0.09 mm) (Appendix H).
Within the subset of the two clusters that contained both outcrossing and selfing populations
(clusters “blue” and “pink”), short and long stamen length differed significantly between
clusters, but mating system and the mating system by cluster interaction did not have a
significant effect (Appendix I).
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Figure 3.1: Differences among genetic clusters in outcrossing (triangles) and selfing (filled circles) populations of Arabidopsis
lyrata regarding (a) corolla area, (b) pistil length and (c) P/O ratio. Values are mean + standard error of the mean from
untransformed data. Color codes given correspond to the colors used in the Figure 1 of Foxe et al. (2010). Sample sizes
can be found in Appendix F. Significant differences between clusters (based on Tukey post hoc comparisons corrected for
multiple testing) are indicated through dotted lines with the test statistic and its respective p value (Appendix H for all GLMM
contrasts and post hoc Tukey tests)
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Figure 3.2: Geometric morphometric analysis of flower shape in Arabidopsis lyrata. (a) Flower example with homologous and
pseudo landmarks. Scale: 6 mm. (b) Flower orientation in relation to the two inflorescence symmetry axes (top-bottom
and left-right). Flower diagram represents the average flower shape based on the landmark data, and individual dots are
real landmarks taken from digitized flowers (n = 349). (c) Dissymmetric, monosymmetric (top-bottom or left-right) and
asymmetric floral shape variation represented by principal components (PCs). Only the first three PCs per category are shown
with their relative importance (percentage of explained variance), and with two schematic drawings of the −0.1 (left) and
+0.1 (right) PC scores. See Appendix G for details

3.4.4

Pollen number, ovule number, P/O ratio, and pollen size

On average, selfers produced 9.0 % fewer pollen grains (mean + SD; 36, 372 + 8, 554) and
12.7 % more ovules (32 + 5) than outcrossers (39, 952 + 5, 377 pollen grains; 28 + 3 ovules;
significant effects of mating system in Table 3.1). This translated into a significant 21.5 %
reduction in P/O ratio for selfing compared to outcrossing populations (Table 3.1). There
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were also significant differences among population genetic clusters in pollen number, ovule
number and P/O ratio (Table 3.1). For example, cluster “pink” (TSS-TC-TSSA) had a
significantly lower number of pollen grains than cluster “purple” (LPT), and produced more
ovules and had a lower P/O ratio than cluster “blue” (PCR-PIN-PTP-RON) (Fig. 3.1c;
Appendix H). Cluster “purple” (LPT) had the highest P/O ratio (significantly higher than
all clusters except “yellow” and “orange”, Fig. 3.2). Variation in pollen size was neither
explained by mating system nor by population genetic cluster (Table 3.1). Within the subset
of the two clusters with outcrossing and selfing populations (clusters “blue” and “pink”),
ovule number and P/O ratio differed significantly between clusters, and between outcrossing
and selfing populations, but there was no significant mating system by cluster interaction.
There were no differences in pollen number and size among clusters and mating systems
(Appendix I).

3.4.5

Floral integration

Phenotypic integration in A. lyrata was significant for all estimations and ranged from 0.222
(95 % CI: 0.158 - 1.850) to 1.151 (95 % CI: 0.664 - 2.040) in selfing populations, whereas from
0.447 (95 % CI: 0.319 - 1.084) to 1.308 (95 % CI: 0.456 − 2.504) in outcrossing populations
(Appendix J). There was no significant difference in floral integration of organ size and
pollen and ovule number between selfing and outcrossing populations (Mann-Whitney test:
W = 20, p = 0.214).

Figure 3.3: Flower shape variation among populations, black outlines, grouped by genetic cluster compared to the mean shape,
grey outline, with (top) and without (bottom) correction for size
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3.5

Discussion

Our results indicate that population genetic structure was quantitatively more important in
explaining variation in floral traits than mating system in A. lyrata. Although flowers from
selfing populations were significantly smaller by 9.2 % and had 21.5 % lower P/O ratios than
outcrossing populations, corolla shape, stamen lengths, herkogamy, pollen size and floral
integration did not differ significantly between outcrossers and selfers. These findings suggest
that in comparison to other species with intraspecific mating system variation, the evolution
of selfing in A. lyrata has not yet led to strong changes towards the selfing syndrome. Instead,
our data show that plants belonging to certain population genetic clusters possess floral
traits closer to the selfing syndrome – among others, have smaller flowers – regardless of
their mating system. However, pre-adaptations to the selfing syndrome have not been crucial
for the evolution of selfing in A. lyrata, since selfing appears to have evolved in clusters with
and without traits closer to the selfing syndrome.

3.5.1

The selfing syndrome in Arabidopsis lyrata

As one would expect in species with intraspecific variation for mating system, the magnitude
of the changes towards the selfing syndrome in selfing populations (9.2 % smaller corolla
area and 21.5 % lower P/O ratios) was small compared to differences between closely related
species with contrasting mating systems. For example, the selfing Capsella rubella had a
84.7 % smaller corolla and a 83.0 % smaller P/O ratio in comparison to its outcrossing
relative C. grandiflora (Sicard et al., 2011), and the selfing Mimulus nasutus Greene had
a 85.0 % smaller corolla width and a 83.1 % lower pollen number than the outcrossing
Mimulus guttatus DC. (Fishman et al., 2002). Even in the few systems with intraspecific
mating-system variation due to the breakdown of self-incompatibility in which floral traits
have been quantified, differences between outcrossing and selfing populations tended to
be more pronounced. For example, corolla diameter and tube length in Abronia umbellata
selfing populations were reduced by 43.0 % and 54.0 %, respectively (Doubleday et al.,
2013), petal area was reduced by 60.0 % in selfing populations of Arabis alpina (Tedder
et al., 2015), petal length was reduced by 37.1 % in selfing populations of Camissoniopsis
cheiranthifolia (Button et al., 2012), and selfers in Leavenworthia crassa had 33.3 % and
27.8 % smaller petal width and length (Lyons and Antonovics, 1991). In Leavenworthia
alabamica, which is the only species with dated intraspecific transitions to selfing (Busch
et al., 2011), petal length of a 150, 000 year old selfing race was reduced by 27.0 %, whereas
only by 8.2 % in a younger 12, 000 - 50, 000 year old selfing race (Busch, 2005). Thus, the
floral changes towards the selfing syndrome in selfing populations of A. lyrata are, despite
high selfing rates (Foxe et al., 2010), not as pronounced as in the other studied systems with
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intraspecific variation for mating system, with the exception of the younger selfing race of L.
alabamica.
The simplest potential explanation for the relatively small floral-trait differences between
outcrossing and selfing populations of North American A. lyrata is that the evolution of selfing
has been so recent that there was insufficient time to allow for larger changes in floral traits.
Although the transitions to selfing have not been dated and might have happened before
colonization of its current distribution, the spatial distribution of selfing and outcrossing
populations suggests that selfing has evolved at least twice during or after colonization of the
area that was covered by ice during the last Glacial Maximum, which lasted until ∼ 10, 000
years ago (Hoebe et al., 2009; Foxe et al., 2010). This suggests that the transitions to selfing
in A. lyrata and the 12, 000 - 50, 000 year old transition to selfing in L. alabamica are of
similar age, and that this explains the relatively small changes towards the selfing syndrome.
Two other potential explanations, which may or may not operate in conjunction with a
recent origin, include continued dependency of selfing plants on pollinators and pleiotropic
effects imposing evolutionary constraints on evolution of the selfing syndrome. In contrast to
species with a clear selfing syndrome, A. lyrata plants from selfing populations do not always
develop fruits from all their flowers when kept in insect-free environments (pers. obs.), and so
are not completely autonomous selfers. This suggests that they still require vector-mediated
pollen transfer for (self) pollination. Consequently, selection may still favor floral features
that are important for pollinator attraction. This is surprising given that selection should
strongly favor traits that allow autonomous selfing. An explanation may be that a selfing
syndrome resulting in autonomous selfing cannot be selected from standing genetic variation
in self-incompatible outcrossing populations, but requires a new mutation (Barrett et al.,
2014; Sicard et al., 2011) and thus sufficient time to appear. Pleiotropic effects may also
constrain the correlated evolution of floral traits (Ashman and Majetic, 2006). For example, if
the genetic make-up resulting in large flowers simultaneously results in large leaves, selection
for smaller flowers may be opposed by selection for maintaining a certain leaf size. Although
we cannot completely exclude these other explanations, we conclude that most evidence
indicates that the relatively recent origin explains why the transitions to selfing has led to
only minor changes towards the selfing syndrome, both in A. lyrata and in the younger race
of L. alabamica (Busch, 2005).
We found that the shift towards reduced P/O ratios in selfing populations was proportionally larger than the reduction in floral size (21.5 % vs. 9.2 %; Fig. 3.1). An even
stronger pattern had emerged in L. alabamica, where the younger selfing lineage showed a
reduction in P/O ratio of 46.5 %, compared to 8.2 % for petal length (in the older lineage,
P/O ratios had been reduced by 58.7 % vs. 27.0 % for petal length). Future work should
test whether the differences in magnitude are related to differences in numerical properties
(subtle changes in pollen or ovule number can confer large changes in P/O ratios) or are due
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to selective pressures after the evolution of selfing driving resource re-allocation from male to
female function (sex allocation theory; Brunet, 1992) may be stronger than those operating
on floral structures. The latter may be plausible since changes towards decreased P/O
ratios likely provide a more immediate fitness advantage than other floral traits, especially if
selfers still need pollinators for their pollination. There may also be more standing genetic
variation for P/O ratios than for other floral traits, since the coefficient of variation (CV) for
pollen and ovule numbers and consequently for P/O ratios were larger than for other traits
(Appendix K). Quantitative genetic approaches are needed to confirm whether outcrossers
indeed harbor more evolutionary potential for pollen or ovule numbers than for other traits.
The range of P/O ratios we observed in selfing populations of A. lyrata (716 - 1, 275) covers
both typical autogamy (mean values under 800: Alarcón et al., 2011) and outcrossing (mean
values greater than 1, 000: Cruden, 1977). This further supports the idea that insufficient
time has passed to allow for the evolution of a “complete” selfing syndrome.

3.5.2

Flower shape in Arabidopsis lyrata

In A. lyrata flowers, we found principal components representing shape variation that were
similar to the ones found in E. mediohispanicum, where they were called relative warps (Gómez
et al., 2006), as well as in several other species of the Brassicaceae family (Gómez et al.,
2016). Interestingly, the order and the variance explained by each principal component in
our analysis were consistently similar to the ones found in E. mediohispanicum (Gómez et al.,
2006). As in E. mediohispanicum, the first principal component represented (dissymmetric)
variation in petal parallelism, the second represented top-bottom variation in petal parallelism
(monosymmetric top-bottom variation) and the third showed changes in lateral development
of petals (monosymmetric left-right variation) (Fig. 3.2). Given the striking parallel patterns
of shape variation between A. lyrata and E. mediohispanicum and Brassicaceae in general, it
would be interesting to test how much of the shape variation can be attributed to genetic
variation, and how much to developmental plasticity, since this has important implications
for the evolvability of floral shape in Brassicaceae.
In general, for the major categories of shape variation (the first two principal components), we found no differences between outcrossing and selfing populations. For the
third principal component (left-right monosymmetric variation), we found that flowers of
selfing populations converged more frequently to the left from the flower’s vertical axis,
while flowers of outcrossing populations had the opposite tendency (Fig. 3.2; Appendix G for
details of the exact interpretation of monosymmetric left-right variation). Even in species
without specialized pollination, different pollinators may show preferences for alternative
floral shapes (Gómez et al., 2009; Gómez and Perfectti, 2010; but see Galen, 1999; Frey
and Bukoski, 2014), and a shift in pollinator requirement may – in principle – explain the
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observed shape difference between outcrossing and selfing populations. However, our results
should be interpreted carefully, because the third principal component only accounted for
10.6 % of the total shape variation (Fig. 3.2), and geometric morphometric analyses are
very sensitive and thus prone to sampling bias (Zelditch et al., 2012). Moreover, a common
garden experiment in Germany indicated no differences in pollinator visitation associated
with any of the shape variation (see chapter 3). Therefore, we conservatively conclude that
drift or sampling bias have led to the very subtle morphological differences we observed,
rather than any selective process, and that the evolution of selfing is not associated with
strong changes in floral shape.

3.5.3

Floral integration in Arabidopsis lyrata

Phenotypic integration of floral traits in A. lyrata was significant, but there were no differences
between outcrossing and selfing populations. This did not support our expectation that
selfing should be associated with reduced flower integration, as previously found in L.
alabamica (Anderson and Busch, 2006). In contrast to Anderson and Busch, 2006, who
also used individual plants from different populations, we accounted for non-independence of
correlations within populations, and therefore the effective sample size of our comparison was
relatively low (six outcrossing and five selfing populations). Moreover, because Anderson and
Busch, 2006 did not account for population in their analysis, the weaker trait correlations
among selfing populations that they report may not reflect lower floral-integration within
populations, but rather lower correlations across populations. Our analysis does account for
population, but may suffer from a lack of statistical power due to the low effective sample
size produced after averaging population values.
Nevertheless, the estimates of floral integration were of very similar magnitude between
outcrossing and selfing populations (0.46 + 0.23 vs. 0.45 + 0.35), which suggests that the
absence of a significant effect of mating system on floral integration really indicates that the
evolution of selfing in A. lyrata has not had an effect on floral integration. As explained for
floral morphology above, there may simply have been insufficient time for floral integration to
change in A. lyrata. However, several other factors may also explain this result. First, even if
floral integration is decreased due to relaxed pollinator selection after a transition to selfing,
increased homozygosity will increase linkage disequilibrium (Wright et al., 2008). Such
linkage disequilibrium may prevent traits to evolve independently (Kelly, 1999), and even
lead to increased trait integration. A recent survey of floral integration in 64 flowering plant
species concluded that selfing species actually show more floral integration than outcrossing
species (Fornoni et al., 2015). Similarly, if different flower traits have a common genetic
basis (i.e. pleiotropic effects; Conner, 2002), responses to selection for one trait will result
in simultaneous changes in other traits, and maintain floral integration. Finally, flowers
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might consist of several sets of integrated modules (Klingenberg, 2008). Relaxed pollinator
selection may lead to reduced integration of one flower module, but other selective pressures
(for example selection to maintain fecundity) may still operate to maintain floral integration
at the whole flower level. In summary, it is difficult to predict whether one expects floral
integration to increase or decrease after a transition to selfing, and the expectations may
depend on the choice of traits.

3.5.4

Differences in traits among genetic clusters

Previous work had subdivided North American A. lyrata in western and eastern genetic
clusters (Griffin and Willi, 2014). Our sampling focused on the western cluster and the
population genetic structure within this cluster (Foxe et al., 2010), because most known
selfing populations are in this cluster. One of the selfing populations (LPT, cluster “purple”,
Appendix F) was admixed between the western and eastern cluster (Griffin and Willi, 2014)
and this corresponded with a remarkable floral morphology compared to the other selfing
populations in our design, with relatively large flowers, pistils and a larger P/O ratio (Fig. 3.1).
It would therefore be interesting to compare the floral morphology between the western and
eastern clusters.
Within the western cluster, a more fine scale clustering analysis (Foxe et al., 2010)
had identified the existence of two population genetic clusters that contain both selfing
and outcrossing populations (clusters “blue” and “pink”). Other clusters only contained
outcrossing (“yellow”) or only selfing populations (“purple” and “orange”), and two outcrossing populations were admixed. We found significant differences in floral morphology
between these genetic clusters that exceeded in magnitude the overall differences due to
mating system (Fig. 3.1; Table 3.1). Regardless of their mating system, the populations in
the genetic clusters “pink” and “orange” had flowers with trait values significantly closer to
the selfing syndrome than the populations in other clusters (Fig. 3.1).
These patterns suggest that the differences in flower morphology between populations
have a genetic basis, which is not surprising given that flower traits in general (Bradshaw
et al., 1995) and the selfing syndrome in particular have a genetic basis (Sicard et al., 2011).
Further, our findings raise the question whether clusters with floral traits closer to the selfing
syndrome may be more likely to evolve selfing. This idea of pre-adaptation originates from
research on invasions, in which it was shown that plants inherently possessing traits beneficial
for colonizing were more prone to become invasive (Dlugosch and Parker, 2007; Schlaepfer
et al., 2010). Similarly, plants with smaller flowers may be pre-adapted to evolve selfing.
However, we found that selfing in A. lyrata has not just evolved in possibly pre-adapted
clusters, but also in clusters with floral traits closer to the outcrossing syndrome. Alongside
ecological studies to identify the selective drivers of changes in floral morphology, it would be
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of interest to undertake quantitative genetic studies to determine the evolutionary potential
and heritability for changes towards the selfing syndrome in A. lyrata. Moreover, with the
genetic basis of the selfing syndrome being unraveled in C. rubella (Sicard et al., 2011),
it may become possible to test whether there is a common genetic basis for the selfing
syndrome in A. lyrata.

3.6

Conclusion

Model systems in which the transition from outcrossing to selfing is recent (i.e. systems with
outcrossing and selfing populations within a species) are of great importance to improve
our understanding of the processes that play a role in the evolution of the selfing syndrome.
Here, we identified a system in which the (most likely very recent) evolution of selfing has
merely led to subtle changes towards the selfing syndrome in comparison to other systems
in which outcrossing and selfing populations have been discovered. Our detailed analyses
of floral morphology further suggest that P/O ratios may evolve faster than other traits,
and that corolla shape does not change in conjunction with selfing. The stronger changes
for P/O ratio may be due to a higher standing genetic variation for this trait, or imply a
larger selective pressure on traits that directly affect fecundity. We conclude that A. lyrata
provides an excellent system to address the relative importance of evolutionary potential,
pre-adaptation and selective forces in the evolution of the selfing syndrome, ideally through
a combination of quantitative genetic approaches and ecological experiments.
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Chapter 4
Mating system variation does not
explain pollinator visitation in
Arabidopsis lyrata
4.1

Abstract

The evolution of selfing in plants is a conspicuous evolutionary trend, responsible for flower
morphological changes that usually are referred to as a selfing syndrome. In this situation,
resources are more allocated on female (ovules) than on male function (pollen grains),
in reduced displays with smaller flowers with less pollinator resources, for example. Yet,
if selfing species do not reproduce autonomously, they may still need pollinators to set
seeds. The selection by pollinators on floral traits of plants that recently evolved into selfing,
however, is still not fully comprehended. Here, we investigate this aspect by using plants
from outcrossing and selfing populations of the North American rock-cress Arabidopsis lyrata
in a common-garden experimental approach. We assessed corolla size and shape, herkogamy
levels, and ovule numbers to estimate floral traits from all populations. Then, we made
pollinator observations to verify whether pollinators preferred specific mating systems, based
on floral traits. Mating system, however, does not explain visitation in A. lyrata, but only
population genetic clustering and daytime. We suggest that the early evolution of selfing
in A. lyrata did not produce a strong effect on pollinator visitation. This indicates that
pollinator-mediated mating system selection is not present if a “complete” selfing syndrome
is still under way. Pollinators of A. lyrata in its natural habitat may contribute similarly to
set seeds in outcrossing and selfing populations.
Keywords: evolution, floral traits, geometric morphometrics, preference, self-compatible
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4.2

Introduction

After a transition from outcrossing to selfing, the role of pollinators is likely much less
important than in outcrossing taxa. Pollinators may exert selection on floral morphology
if selection still favors the maintenance of some outcrossing (Eckert and Barrett, 1994).
However, selection to optimize the output of selfed progeny, for example through increased
selfing efficiency and reduced resource costs per seed, is expected to be more important (Sicard
and Lenhard, 2011). Fenster and Ritland (1994) suggested that pollinator absence may lead
to the evolution of selfing traits, such as short stigma-anther distances in self-compatible
Mimulus. Additionally, Anderson and Busch (2006) found lower floral-trait integration levels
in selfing taxa when compared to their outcrossing pairs of Leavenworthia. They suggested
that this weak floral-trait integration had evolved from a relaxed pollinator-mediated selection
in terms of stamen-petal and pistil-petal correlations. Therefore, the shift towards selfing
and the independence of plants from pollinators may be responsible for the evolution of
lower-integrated floral traits associated with a selfing syndrome.
Here we investigated the importance of pollinators for A. lyrata in a common garden
experiment, in which we assessed mean visitation rates on flowers of outcrossing and selfing
plants. With this experiment, we tested whether selfing populations received fewer visits
than outcrossing populations, and whether floral traits affected pollinator visitation.

4.3
4.3.1

Materials and methods
Experimental design

In early March 2013, we randomly sowed seeds from four to 13 plant families per population,
which resulted in 100 plants (54 from outcrossing and 46 from selfing populations). Germination and growth conditions were described previously (see chapter 3). In early June 2013, we
transferred the plants to a greenhouse at the Botanical Garden of the University of Konstanz.
After two weeks, we moved them to the garden in a randomized arrangement of 25 quartets,
such that each quartet contained preferably two plants from outcrossing and two plants
from selfing populations. To estimate individual flower size and shape we collected two of
the first 10 flowers produced per inflorescence in each plant. Then, we took standardized
photographs, digitized landmarks on the front-view pictures, and further estimated centroid
size (size estimate) and shape variation according to the method previously described (see
chapter 3).
After another two weeks, we performed observations of insect visitation on five sunny
days from July 1st to July 9th between 0900 h and 1700 h. Before 0900 h on each observation
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day, we counted the total number of flowers opened to allow testing whether visitation rate
per plant depended on floral display. We made observations on 10 focal flowers in one to
five inflorescences that had been labeled with colored strings. To avoid bias due to time of
day, position and observer, several observers started their observations in haphazardly picked
quartets (such that two observers never worked on the same quartet at the same time), and
observers moved to a neighboring quartet every 10 min until 1700 h. We made ∼ 66 h
of pollinator observations divided over multiple 10-min intervals on the 25 quartets. On
average, we observed each plant for ∼ 160 min. During the observations, we recorded the
number of visits for the insect functional groups (i.e. bees, hoverflies, flies, and beetles),
indicating for each visit whether the behavior was a short (< 5 sec) or a long (> 5 sec) visit.
To test whether plants were pollen-limited, we applied a pollen complementation
treatment, where we marked one to eight additional flowers per plant, and cross-pollinated
them with pollen of one to three different pollen donors between 0900 h and 1200 h on the
first two days of observation. We then compared seed set of this treatment with naturally
pollinated flowers. For this, we collected all the fruits that developed from labeled flowers
and counted the number of seeds to estimate seed set as a means of pollination success.

4.3.2

Statistical analyses

To test whether insect visitation was more frequent in plants from outcrossing than from
selfing populations, and whether population genetic cluster or floral traits influenced visitation,
we used GLMMs. As many flowers were not visited in the observation sessions, our data was
zero-inflated. To account for this, we analyzed the number of visits using the glmmadmb
function from the R package glmmADMB (Fournier et al., 1994) with a zero-inflated negative
binomial (ZINB) error distribution. The fixed model part included mating system, genetic
cluster, daytime, and total number of flowers on the plant. The random model part included
population, plant, and date. We included the number of observed flowers per plant as
an offset in the models in order to analyze flower visitation as a rate. To test whether
flower size and shape significantly explained pollinator visitation in A. lyrata, we included a
separate model with corolla area and geometric-morphometric scores (for details on geometric
morphometric estimation, see chapter 3). To analyze seed set, we used a GLMM with a
Gaussian error distribution using the R package lme4 (Bates et al., 2014). As response
variable, we chose the number of seeds per fruit. The fixed model part included mating
system, population genetic cluster, pollination treatment (natural pollination and pollen
complementation), and the interaction between mating system and treatment. The random
model part included population, plant and date. We compared seed set between pollination
treatments to assess pollen limitation on the studied plants. All models were performed with
ML fit, and significance tests for each variable were performed with LRTs of the full model
55

Table 4.1:

Zero-inflated negative binomial (ZINB) general linear mixed-effect model (GLMM) analyses of the effect

of population genetic clustering, mating system, daytime, flower number, and floral traits on pollinator mean visitation
to Arabidopsis lyrata flowers. Flower size (centroid size) and flower shape components were tested in a separate model1 .
Significance tests were based on likelihood-ratio tests (LRTs) and are highlighted in bold (p < 0.050)
Pollinator visitation
χ2

p

population genetic cluster

15.46

0.009

mating system

0.34

0.560

daytime

42.60

<0.001

flower number

1.10

0.294

Fixed effect

flower size, centroid size1

0.80

0.371

flower shape, symmetrical component (PC 1)1

0.52

0.471

flower shape, top-bottom component (PC 2)1

1.42

0.233

flower shape, left-right component (PC 3)1

2.12

0.145

1

Note that the model used for the analysis of the effects of floral traits (i.e. flower size and shape) on pollinator visitation
was constructed separately from the model analyzing the effect of population genetic cluster, mating system, daytime,
and flower number. Floral traits were measured from the same experimental plants used for the pollinator visitation
observations, following the protocol described in chapter 3

against the model without the tested variable in question.

4.4

Results

The most common functional groups observed in our study were bees and hoverflies, and
these consistently contacted the anthers and stigma of flowers. Beetles, bumblebees, and
other flies were rarely observed, and occasionally contacted anthers or stigmas. Hence, we
considered bees and hoverflies as the main pollinators. The behaviors of these two groups
were remarkably different. Bees visited flowers more frequently and usually collected both
pollen and nectar in short visits of < 2 sec. Hoverflies spent more time on flowers and
foraged only on pollen.
Pollinator visitations were not explained by mating system and total number of open
flowers on plants, but only by daytime (Table 4.1). We recorded fewer visits during the
afternoon, probably because flower resources had been depleted during the morning or insect
activity was lower in the afternoon. Genetic clustering had a significant effect on the number
of flower visits (Table 4.1). Plants of the pink cluster received 0.02 + 0.01 (mean + SD)
pollinator visits per flower per minute, whereas plants of the blue cluster received 0.04 + 0.02
visits per flower per minute (Fig. 4.1).
Flower size and shape components did not explain variation in visitation (Table 4.1).
Selfing populations had 23.83 + 18.44 flowers per plant, whereas outcrossing populations
had relatively less, 20.48 + 9.62 flowers per plant. Selfing populations produced more seeds
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(25.07 + 7.29) per fruit than outcrossing populations (18.46 + 3.51) by the end of the
experiment (likelihood ratio test: χ2 = 9.44, p = 0.009). If the flowering season in A.
lyrata lasted for only two months, by the end of our experiment selfing populations would
have produced approximately 1, 440 fruits and 36, 000 seeds, ∼ 50 % more fruits and 14 %
more seeds than outcrossing populations. Plants of the cluster “blue” yielded fruits with
more seeds than the cluster “pink” (χ2 = 17.36, p = 0.004). Pollen complementation did
not differ from natural pollination (χ2 = 2.71, p = 0.258), suggesting that flowers did not
suffer from pollen limitation in our study.

Figure 4.1: Mean visit number of pollinators per flower per minute on outcrossing (white triangles) and selfing (filled black
circles) populations of Arabidopsis lyrata in the common-garden experiment. Population genetic clusters are indicated with
color labels, based on Foxe et al. (2010). Mean values for each seed family are shown as unfilled black circles (n = 78).
Significant contrasts between clusters are indicated on the top of the panel with their respective post hoc Tukey statistic and
p value
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4.5

Discussion

Provided that mating system determined an initial selfing syndrome (i.e. changes in flower
size and P/O ratio) in A. lyrata, we expected pollinator visitation to be higher in outcrossing
than in selfing populations. Instead, our results showed that only daytime and population
genetic cluster, but not mating system, significantly explained pollinator visitation. It is well
known that pollinator activity depends on insect functional groups or plant reproductive
strategies (Kevan and Baker, 1983; Proctor et al., 2003), and that flower-resource availability
influence pollinator visitation (Faegri and van der Pijl, 1966). Thus, there are two possible
explanations for more visits during the morning. First, pollinators were more active during
this time of the day. Second, given that most of the pollen was collected from flowers during
the morning (pers. obs.), pollinators were no longer attracted to flowers in the afternoon.
Regarding population genetic clustering, we found that the “blue” cluster received
more visits than the “pink” cluster (Fig. 4.1). Coincidentally, both groups are also different
in flower size, where the former had on average larger flowers than the latter (data not
shown here, but see Fig. 3.1). This particular comparison between clusters with both
outcrossing and selfing populations may suggest that plants with larger flowers were more
frequently visited, but overall flower size did not explain a contrasting visitation rate between
selfing and outcrossing populations (Table 4.1). Hence, flower size was a weak predictor of
pollinator visitation in our case, as also suggested in skypilots, Polemonium viscosum (Galen,
1999). Additionally, flower shape may as well weakly determine pollinator preferences as
shown in the case of Geranium robertianum (Geraniaceae). In this species, butterflies and
hoverflies do not distinguish particular corolla symmetries, with the exception of extreme
cases of small-symmetric and large, severely asymmetric flowers (Frey and Bukoski, 2014). In
summary, pollinator visitation in A. lyrata is not determined by floral traits, specially corolla
size or shape, the floral traits that may be the first under selection after the evolution of
selfing. Therefore, the evolution of selfing in A. lyrata does not imply a reduced pollinator
visitation.
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4.6

Conclusion

Floral traits tend to modify after the evolution of a selfing dominant state from an outcrossing
original state. The particular case of A. lyrata shows an ideal model system to test the effect
that floral traits or mating system might have on pollinator visitation. If pollinators show
specific preferences for the aforementioned traits, then we should expect that outcrossing
populations would receive more visits by pollinators and therefore be under stronger pollinatormediated selection. The results of our experiment cannot support this expectation. We
observed that both outcrossing and selfing populations are equally visited by pollinators,
showing no preferences towards any specific trait (i.e. mating system or floral size and
shape). This suggests that in the natural range outcrossing and selfing populations might
also be under similar pollinator selection. This may be not true, however, if in the natural
range populations are submitted to different pollinator and environmental pressures, and
this should be investigated. Furthermore, if floral traits responsible for a selfing syndrome
turn even more extreme after a longer period of selfing in natural populations, the effect of
pollinator selection (or the lack of it) may become stronger.
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Chapter 5
Direct and indirect interactions in the
system Gentiana asclepiadea –
Phengaris alcon – Myrmica
5.1

Abstract

Ecological interactions are important for plants because they may influence mating and seed
set. For example, herbivory and pollination are major forces that may impose antagonistic
selection on plant reproductive traits. The interaction between species of Gentianaceae
with their specialist seed predators Phengaris (Lycaenidae) and with their generalist insect
pollinators is well known, and represents an ideal model system to test the importance
of antagonistic selection on the evolution of plant reproductive traits. To assess the
importance of herbivory on plant performance, we analyzed Phengaris alcon oviposition
on a natural population of Gentiana asclepiadea in relation to plant-host traits, ant-host
(Myrmica) presence and abundance, and surrounding vegetation characteristics. To assess
the importance of Myrmica on herbivory, we analyzed ant-host identity and number in
relation to plant-host and vegetation traits surround G. asclepiadea plants. To assess the
importance of pollination on plant performance, we carried out pollinator observations and
tested the effect of corolla size on pollinator visit number. Finally, to determine whether
selection by herbivores and pollinators impose an antagonistic selection on reproductive traits,
we estimated fruit size of focal plants, seed set of plants in “open pollination” and “pollen
supplementation” treatments, and compared the results with observed levels of herbivory.
We found that oviposition was clustered, but higher in larger and more exposed plants nearby
larger Myrmica scabrinodis densities. However, our results do not support the hypothesis that
the herbivore P. alcon imposes a strong selection on G. asclepiadea floral traits. The different
pollinator groups, on the other hand, showed directional selection towards wider (bumblebees
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and syrphids), but shorter (syrphids and other flies) corollas. Seed set on open-pollinated
flowers indicated that pollinator selection overall results in stabilizing selection on intermediary
flower sizes. We conclude that selection on plant reproductive traits is the result of direct
and indirect interactions between herbivores and pollinators affecting their common resource
plant.
Keywords: evolution, Lycaena, Maculinea, pollinator observation, self-compatible, social
parasites, trade-off

5.2

Introduction

Flowering plants that rely on insect-mediated pollen transfer have evolved a diverse array of
adaptations, particularly in flowers, to attract potential pollinators and assure pollination
(Barrett et al., 1996; Proctor et al., 2003). Potential pollinators mainly visit flowers for their
energetic resources (nectar, pollen), but also for shelter, for body warming or for collecting
odors and oils to use during mating. Pollinators choose flowers based on indirect visual or
olfactory cues (Faegri and van der Pijl, 1966; Gibernau et al., 1999; Machado, 2004). For
example, flowers are expected to attract more pollinators when they are relatively larger
(Galen and Newport, 1987; Conner and Rush, 1996) and conspicuous in number (Mitchell
et al., 2004; Grindeland et al., 2005). Thus, pollinators are important agents of selection
that may drive the evolution of floral traits (Galen, 1989; Alexandersson and Johnson, 2002).
However, flowers with traits that attract pollinators may also attract herbivores and therefore
reduce plant fitness by florivory or seed predation. In contrast to pollinators, herbivores are
thus expected to impose selection towards less attractive flowers, resulting in a net stabilizing
selection (Gómez, 2003; Gómez et al., 2009). However, few studies have simultaneously
addressed the effect of the opposing selective forces of pollinators and herbivores.
The genus Gentiana L. (Gentianaceae) includes species with showy flowers that have
been commonly used as ornamentals and in traditional medicine (Scartezzini and Speroni,
2000; Zając and Pindel, 2011; Mariana et al., 2013). Some species are attacked by larvae
of the large blue Phengaris Doherty, 1891 butterflies (also known as Maculinea van Eecke,
1915), which are specialized seed predators that obligatorily parasitize Gentiana flowers as
part of their lifecycle (Fiedler, 1998; Als et al., 2004; Nowicki et al., 2005a). It has been
suggested that Phengaris parasitism substantially affects Gentiana fitness. For example, the
percentage of plants infested by Phengaris nausithous (Bergsträsser, 1779) and P. teleius
(Bergsträsser, 1779) may reach 95-100 % in Gentiana pneumonanthe L. (Nowicki et al.,
2007). In Gentiana cruciata L. up to 57 % of the plants may be infested with Phengaris
alcon (Denis & Schiffermüller, 1775) (Küer and Fartmann, 2004), substantially reducing
plant seed set (Kéry et al., 2001). Therefore, the interaction between Gentiana and its
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parasite Phengaris should be important for the success of Gentiana populations in natural
environments. However, Gentiana is not the only obligate Phengaris host, as red ants
(Myrmica) are also extremely important players in the Gentiana-Phengaris interaction, which
makes this interaction even more specific (Elmes et al., 1998; Als et al., 2004). Hence, to
fully understand the interaction between Gentiana and Phengaris, it is necessary to consider
the relationships of Gentiana and Phengaris with Myrmica as well.
One of the most studied aspects of this tripartite interaction system is the oviposition of
Phengaris on Gentiana, and how Myrmica species and abundance may influence oviposition.
It has been reported that butterflies lay single or up to three eggs at the base of individual
flower buds (Thomas, 1984), but sometimes higher numbers in small Gentiana spp. plant-host
populations (Thomas et al., 1991). Moreover, oviposition is higher on plants that are large
(Wynhoff et al., 2015), occur in open vegetation (Küer and Fartmann, 2004; Arnyas et al.,
2006), and produce more flower buds (Nowicki et al., 2005a; Fürst and Nash, 2010; van
Dyck and Regniers, 2010). It has also been suggested that the ant-hosts (Myrmica) affect
oviposition (van Dyck et al., 2000; Wynhoff et al., 2015), presumably because Phengaris
can somehow detect their presence around their plant-hosts. Nevertheless, little is known
about whether floral traits also influence Phengaris oviposition. In a small pilot experiment
with potted plants, P. alcon preferred larger buds of Gentiana scabra Bunge but not of
G. pneumonanthe (Fürst and Nash, 2010). In a natural population, flower head size did
not influence P. nausithous oviposition on Sanguisorba officinalis L. (Anton et al., 2008).
Therefore, more studies focusing on floral traits and Phengaris oviposition are needed.
Gentians are typically animal-pollinated (Costelloe, 1988; Petanidou et al., 1995), thus
they have to invest in floral-display traits to attract their pollinators. Given that floral traits
may be under opposing selection by flower visitors for pollination (Johnston, 1991; Herrera,
1996; Schemske and Bradshaw, 1999) and by seed predators for oviposition (Arnyas et al.,
2006; Kula et al., 2013), it would be expected that there is net balancing selection on floral
traits. In other words, the simultaneous pressures for reducing florivory and maximizing
pollination might result in intermediate values of the floral traits. Such a trade-off could
possibly be expressed in plant size, flower size and flowering display (McCall and Irwin, 2006;
Teixido et al., 2011).
Pollinators are likely to impose directional selection by their preference for larger
flowers that are easier to find and produce more resources. On the other hand, selection
by pollinators can also be stabilizing as they might prefer flowers with intermediate sizes
that are compatible with their body sizes or mouthparts. Phengaris butterflies, however,
should only impose directional selection towards smaller flowers by preferentially ovipositing
on plants with large flowers that offer more resources for their larvae. We are unaware of
any studies that have simultaneously tested pollinator and herbivore imposed selection on
floral traits in the Gentiana-Phengaris-Myrmica system.
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Specifically, the objective of our study was to determine to which degree Phengaris
oviposition may be explained by plant-host traits, ant-host presence and abundance and
the surrounding vegetation. Another objective was to test whether the interaction between
gentians and their pollinators, external to the Gentiana-Phengaris-Myrmica system, may be
affected by Phengaris oviposition, floral traits and pollinator visitation. We addressed these
objectives in a field experiment with Gentiana asclepiadea L., in an area where the mountain
alcon blue Phengaris alcon ssp rebeli occurs. We assessed oviposition by P. alcon (i.e.
florivory), the presence and abundance of the potential Myrmica ant-host species, vegetative
and reproductive traits of Gentiana, and vegetation characteristics. Additionally, we recorded
pollinator visitation under natural conditions and implemented a pollen complementation
treatment to test whether Gentiana suffered from pollen limitation. By estimating all
components of this Gentiana-Phengaris-Myrmica system and the pollination in Gentiana,
we aimed at answering the following questions: (1) which insect flower visitors are likely
to contribute to pollination of G. asclepiadea? (2) do pollinators impose directional or
stabilizing selection? (3) which gentian traits are important for Phengaris oviposition? (4)
does the presence and abundance of the Myrmica ant-host species also explain oviposition?
(5) are Gentiana flower traits under antagonistic selective pressures imposed by herbivores
and pollinators?

5.3
5.3.1

Materials and methods
Study area and study system

We conducted this study at the Mindelsee Nature Reserve in southwestern Germany
(47◦ 440 5900 N 9◦ 020 2700 E) from June to September 2015. The reserve consists of ∼ 412 ha
of a diverse mosaic landscape comprising a glacial lake, peat bogs, meadows and forest
patches, and is of particular importance for endangered animal and plant species (LUBW,
2017). Within the Mindelsee Nature Reserve, our study species, Gentiana asclepiadea, occurs
in calcareous peat bogs where yearly mowing maintains an open vegetation that is dominated
by Poaceae [especially Phragmites australis (Cav.) Trin. ex Steud.] and Juncaceae. In the
study area, P. alcon is known to oviposit on G. asclepiadea (KS Frank, pers. comm.; Willers,
2016). Our study site covered an area of ∼ 67, 000 m2 (Appendix L).
Gentiana asclepiadea L. (Gentianaceae), the willow gentian, is a perennial herb which
grows up to 90 cm in height. Most plants have one single stem, but large plants usually have
several branches. The species occurs in wet nutrient-poor or calcareous soils of temperate
forests, meadows and sub-alpine grasslands of central and southeastern Europe (Lauber et al.,
2012). Flowering takes place from June to September, with erect stems that can carry several
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axillary inflorescences, each consisting of up to three campanulate, pentandrous blue-violet
flowers (Aichele and Golte-Bechtle, 1979). Bumblebees, bees and flies are thought to be
the main visitors (Kozuharova and Anchev, 2006). Although the plant is self-compatible,
autonomous self-pollination does not occur, presumably due to dichogamy. Flowers have a
c. two-day nectar-producing male phase followed by a c. five- day nectarless female stage
(Kozuharova, 1998).
Phengaris alcon (Denis & Schiffermuller, 1775) (Lycaenidae; Lepidoptera), the alcon
blue butterfly, is considered a complex of cryptic species (Gadeberg and Boomsma, 1997).
It has a wide, scattered distribution across Eurasia (Wynhoff, 1998), and uses gentians (in
Europe mainly G. pneumonanthe, G. cruciata and G. asclepiadea) as its obligate hosts for
oviposition (Elmes et al., 1994). Female butterflies lay eggs on buds of gentians during their
short flight phase of c. three weeks. Caterpillars feed on flower buds and developing ovaries
until the fourth instar, when they drop themselves on the soil. They then release olfactory
cues that mimic ant pheromones that entice Myrmica ants (Myrmica scabrinodis, M. rubra
and M. ruginodis) to collect them (Nash et al., 2008), and nurse them in their nests as their
own larvae until pupation (Elmes et al., 1998). On average, caterpillars spend ∼ 80 % of
their life inside ant nests, and this cuckoo-like strategy enables them to acquire more than
90 % of their final biomass (Elmes et al., 1998). After overwintering in the nests, adult
butterflies emerge from the ant nests in the following season, to mate and restart the cycle.
Myrmica Latreille, 1804 (Formicidae; Hymenoptera) occurs across the Palearctic, in
steppe-like habitats with seasonal climates (Fiedler, 1998). Soil moisture and temperature
preference is species-dependent, therefore Myrmica may occur in areas with different vegetation (Elmes et al., 1998). Colonies are dynamic, changing every season, and are formed by
200-500 workers and one to 50 queens (Radchenko and Elmes, 2010). In Europe, at least 20
species have been reported to act as hosts for Phengaris, and six specifically for P. alcon:
Myrmica aloba, M. rubra, M. ruginodis, M. salina, M. scabrinodis and M. vandeli (Thomas
et al., 1989; Elmes et al., 1994; Als et al., 2002; Sielezniew and Stankiewicz, 2004; Pech
et al., 2007; Witek et al., 2008; Nash et al., 2011; Wynhoff et al., 2015; Pech and Sedláček,
2016). In southern Germany, at least 15 Myrmica species have been reported, including
the potential hosts of P. alcon, M. rubra, M. ruginodis and M. scabrinodis (Seifert, 2007).
Myrmica also frequently occurs in areas where Gentiana plants are found (e.g. van Dyck
et al., 2000; Wynhoff et al., 2015, but there is no evidence of any direct interaction between
gentians and the Myrmica ants.

5.3.2

Gentian and vegetation measurements

For all measurements, we haphazardly selected 170 G. asclepiadea plants separated by at
least 4 m (Appendix L). To record the flowering phenology of G. asclepiadea, we weekly
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recorded the flowering status of each focal plant, from July until August. In mid-August,
we characterized the vegetation surrounding the focal plants in 1 x 1 m2 plots with the
focal plants in the center. Rather than a complete vegetation survey, we documented the
height and percentage cover of the four dominant components of the vegetation: Phragmites
australis, other Poaceae, Juncaceae and remaining plants (Appendix M). To estimate gentian
size, we counted the number of branches and measured the height of the largest branch
during the butterfly oviposition phase (mid-August) and once during the flowering phase
(mid-September). As a proxy for gentian density, we first measured the distance between each
focal plant and its closest conspecific neighbor. Then, we multiplied the loge -transformed
distances by −1, so that higher values would correspond to higher densities.

5.3.3

Oviposition by Phengaris alcon and ant abundance

To estimate P. alcon herbivory, we assessed butterfly oviposition during August 2015. Once a
week, we counted the number of eggs on the largest branch of each of the 170 G. asclepiadea
focal plants. Then, we estimated oviposition by P. alcon as the maximum egg count on
focal plants over four counts throughout August. To estimate the abundance of M. rubra,
M. ruginodis and M. scabrinodis during August 2015 (i.e. during P. alcon oviposition), we
used pitfall traps. Traps were 15 mL conical test tubes (Kartell S.p.a., Noviglio, Italy) filled
with 8 ml of a 20 % aqueous sucrose solution mixed with 1 % pH neutral dishwashing soap
(Pril, Henkel Wasch- und Reinigungsmittel GmbH, Düsseldorf, Germany). Once a week, we
buried the traps ∼ 10 cm from each focal plant with the tube opening at ground level and
left them there for a period of 24 h. Then, we collected them and stored the tube contents
in 70 % alcohol to allow storage until later processing. We processed the contents of each
tube in the following way. First, we separated all the red Myrmica ants from any other ants
and insects. Then, we identified each Myrmica ant to species level using the Seifert (2007)
identification key, thus counting the number of M. rubra, M. ruginodis and M. scabrinodis
ants for each tube. Finally, we calculated the average ant abundance for each ant species for
each focal plant during and after P. alcon oviposition.

5.3.4

Insect flower visitation

To test whether plants with larger flowers attract more visitors, we quantified insect visitation
to flowers of G. asclepiadea during the peak of flowering in September 2015. We had
originally planned to obtain data for each of the 170 focal plants. However, many remained
vegetative or had already finished flowering before the visitation observations were planned.
In total, only 36 out of 170 focal plants could be used for visitation observations. Therefore,
to increase the sample size, we selected for some of the focal plants that had not flowered
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by September, the nearest flowering neighbors as substitutes. This was possible in 19
cases, so that the sample size for this part of the study was 55. On the first sunny day
in September, we haphazardly selected up to 12 plants (we had 12 time-lapse cameras for
pollinator observations) with at least one open flower in the female phase, such that they
were spread throughout different parts of the study site. On each of those plants, we selected
one open flower in the female phase for assessing insect visitation. This flower also served as
“open pollination” reference for determining pollen limitation (see below), and it was labeled
with a green string for this purpose. Then, we used digital calipers to measure corolla tube
length and width. To simultaneously record insect visitation for up to 12 plants throughout
entire days (0830 h until 1830 h), we installed Brinno TLC200 time-lapse cameras (Brinno©,
Taipei, Taiwan). Cameras were set to low exposition (−1.25 EV), high resolution (1280x720)
and a capture rate of one frame per second. To avoid excessive shading of the flowers by
the cameras and to obtain desirable focus of the flower, we placed the cameras at a distance
of ∼ 60 cm. In total, we obtained ∼ 505 h of observation recordings. During the time-lapse
recordings, we also made personal observations on plants with the marked flowers for a total
of four five-minute intervals per target plant to obtain more detailed data on the behavior of
visitors on the flowers. To this end, we recorded for each visitor whether it showed pollination
relevant behavior (collected nectar and/or pollen), or not (florivory, avoidance [flied close to
flowers but did not land on them], or unknown behavior not involving plant reproductive
organs). We repeated this procedure on different sunny days until all 55 plants had been
recorded at least once.

5.3.5

Pollen limitation and reproductive output

To test whether the plants of G. asclepiadea were pollen-limited, on each plant previously
used for assessing insect visitation, we manually supplied extra pollen to a recipient flower
close to the “open pollination” reference (see above). We measured its size (i.e. corolla
length and width) and rubbed entire dehisced anthers collected from at least three donor
plants more than 3 m away over the stigmas of recipient flowers. To allow distinguishing
them from the open-pollinated flowers used for pollinator observations (marked with green
string), we marked the “pollen supplementation” flowers with a white string.
In early October, we collected the mature fruits of the “open pollination” and “pollen
supplementation” treatments. To estimate seed set, we dissected these fruits under a
stereoscope, and counted the total number of seeds. To estimate reproductive output for
the entire group of focal plants, we additionally measured the length of up to two randomly
chosen fruits per plant with digital calipers. Reproductive output was then estimated as the
mean fruit size in length.
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5.3.6

Statistical analyses

To test whether gentian traits explained oviposition by P. alcon, i.e. maximum egg number
over the four sampling weeks of August, we sequentially analyzed P. alcon oviposition as a
binomial trait (egg presence or not) in a generalized linear model (GLM) for all 170 plants
and as a Gaussian trait in a LM for the subset of 73 plants with oviposition. To improve
normality and homogeneity of the residuals in the latter model, we loge -transformed egg
number. The fixed part of both models included the gentian traits branch number, height
and density, the surrounding vegetation and Myrmica ants (abundance and species). To
avoid collinearity in the explanatory variables that described the surrounding vegetation
(i.e. percentage cover of Juncaceae, P. australis, Poaceae and other plants, height of P.
australis and height of other plants), we performed a Principal Component Analysis (PCA)
with “varimax” rotation with the R package psych (Revelle, 2017) to extract the principal
components of variation with the highest possible correlation to the original traits. Then,
we selected the first three PCs, which accounted for 65 % of the explained variation in our
data. In addition, we included the effect of each ant species separately to test whether
particular Myrmica species explained oviposition. Given that ant estimates for M. rubra and
M. ruginodis were heavily zero-inflated, we included these observations as presence/absence
(binomial data). For M. scabrinodis, we included the actual counts.
To test whether gentian traits explained the abundance and occurrence of Myrmica
species, we used GLMs with a negative binomial error distribution for M. scabrinodis. Myrmica
rubra and M. ruginodis were rarer, which resulted in zero-inflated data. Therefore, we treated
the data for these two species as binomial (presence/absence), and used a model with a
binomial error. The fixed part of these models included the gentian traits (branch number,
height and density) and the PCs representing the surrounding vegetation (see previous
paragraph).
Three insect groups bumblebees, syrphid flies and other flies were the most abundant
flower visitors that showed pollination-relevant behavior (nectar feeding, pollen feeding, or
both). For each of these groups, we used generalized linear mixed-effects models (GLMMs)
with negative binomial error distributions to test for potential directional selection on gentian
flower attributes. Specifically, we tested whether gentian traits explained visitation rate. For
this, we used as fixed effects the flower corolla length and width, plant height and flower
number. To test for a potential signal of stabilizing selection for intermediary flower sizes, we
also included quadratic terms for corolla length and width in the fixed part of the models. To
account for the fact that our observations were taken on different days for different plants,
we included observation day as a random effect in our models. Additionally, to account for
variation in length among recordings, we included the loge -transformed time in seconds of
each observation as an offset in the models. To control for time of the day, we also used the
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starting time of observation as a covariate in the models.
To test whether there was pollen limitation and whether flower traits explained seed
set in G. asclepiadea, we used separate GLMMs with negative binomial error distributions
for the “open pollination” and “pollen supplementation” datasets. For this, we used as
fixed effects the corolla length and width, and their interaction. Further, to test whether
stabilizing selection may act on flower size, i.e. whether intermediate flower sizes yielded
most seeds, we also included the quadratic effects of corolla length and width in the models.
To account for variation among the different days of the pollinations, we included pollination
date as random effect. To test differences in reproductive output between focal plants that
were attacked and non-attacked by P. alcon, we performed unpaired T-tests.
For all models, we scaled the continuous main effects to facilitate interpretation of
results (Schielzeth, 2010), and we assessed the significance of the explanatory variables using
model estimates and z statistics produced with the R package lme4 (Bates et al., 2014) in
R 3.2.2 (R Core Team, 2013) using RStudio 0.99.473 (http://www.rstudio.org/).

5.4
5.4.1

Results
Oviposition on Gentiana asclepiadea

Phengaris alcon oviposited on 42.9 % of the 170 G. asclepiadea focal plants. The probability
of oviposition significantly increased with gentian height (Table 5.1, Fig. 5.1) and decreased
with increasing gentian density (Table 5.1). Likewise, the probability of oviposition was
higher in more Poaceae-dominated vegetation (PC1, Table 5.1), and lower with increasing
vegetation height (PC3, Table 5.1). The probability of oviposition was also higher on gentians
with more M. scabrinodis and without M. ruginodis in its immediate surroundings (Table 1).
Within the subset of gentians with oviposition, egg numbers increased with plant height and
M. scabrinodis abundance (Table 5.1, Fig. 5.2).

5.4.2

Consequences of herbivory for Gentiana reproductive success

Focal plants that were oviposited vs. non-oviposited by P. alcon had similar corolla length
(mean + SD; 26.3 + 2.4 vs. 26.6 + 2.7 mm) and width (9.4 + 2.9 vs. 9.1 + 2.5 mm). Also,
fruit length (32.2 + 8.8 vs. 32.0 + 9.4 mm) and total seed set (200.4 + 92.6 vs. 200.7 + 52.1
seeds per fruit) did not differ between attacked and non-attacked focal plants. We observed that about 25 % of the focal plants were also attacked by other herbivores, namely
caterpillars, grasshoppers, snails and slugs (see Fig. 5.6 for florivory during pollinator observations). Considering general herbivory, mean fruit length was significantly bigger in attacked
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(24.1 + 8.8 mm) vs. non-attacked (34.3 + 7.4 mm) focal plants (unpaired T-test: t = 3.0,
df = 25, p = 0.003; Fig. 5.3).

5.4.3

Host-ant presence nearby Gentiana asclepiadea

We found three possible ant-hosts, M. rubra, M. ruginodis and M. scabrinodis, for P. alcon in
our pitfall traps. Myrmica rubra was more likely to be present in denser patches of gentians
and in areas with more Poaceae cover (PC 1; Table 5.2). Myrmica ruginodis presence was
not explained by any gentian or vegetation traits. Myrmica scabrinodis was by far the most
abundant Myrmica species in our pitfalls, and its abundance increased with gentian height
and decreased with gentian density (Table 5.2, Fig. 5.4).

Table 5.1:

Generalized linear model analyses of Phengaris alcon oviposition on Gentiana asclepiadea. Oviposition was

sequentially analyzed as binomial data for all study plants (left) and as Gaussian data for the subset of plants with oviposition
(right). Estimates and their standard errors (SE), z statistics and p values are given for all the fixed effects: gentian traits
(branch number, height and density), surrounding vegetation (Principal Components; PC1-3) and ants (presence/absence of
Myrmica rubra and M. ruginodis, and M. scabrinodis abundance). Significant effects (p < 0.05) are shown in bold. For ease
of interpretation, all continuous explanatory variables were standardized to a mean of zero and a standard deviation of one

Fixed effect
gentian branch number
gentian height
gentian density
Poaceae abundance (PC1)

All plants (n = 170)

Only plants w/ eggs (n = 73)

(binomial error dist.)

(Gaussian error dist. [loge ])

estimate

SE

z

p

estimate

SE

z

−0.11

0.24

2.40

0.43

−0.54

p

−0.46

0.65

−0.10

0.17

−0.59

0.56

5.55

<0.01

0.48

0.18

2.64

0.01

0.27

−1.98

0.05

−0.09

0.19

−0.49

0.63

0.51

0.25

2.07

0.04

0.09

0.17

0.51

0.62

0.13

0.26

0.50

0.62

−0.32

0.16

−1.93

0.06

vegetation height (PC3)

−0.62

0.26

−2.38

0.02

−0.18

0.19

−0.99

0.33

M. rubra (presence/absence)

−1.09

0.78

−1.40

0.16

0.27

0.65

0.42

0.68

M. ruginodis (presence/absence)

−1.48

0.67

−2.21

0.03

0.14

0.43

0.31

0.76

1.03

0.30

3.40

<0.01

0.56

0.18

3.12

<0.01

Phragmites height (PC2)

M. scabrinodis (abundance)
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Figure 5.1: Phengaris alcon egg oviposition probability on Gentiana asclepiadea for the effects of gentian height, gentian density,
“Poaceae abundance” - vegetation PC1 (top panes), “Vegetation height” - vegetation PC3, Myrmica ruginodis presence and
M. scabrinodis number (bottom panes). Estimates were extracted from a binomial model, and each circle represents one of
the 170 focal plants studied. Fitted lines indicate significant effects (Table 5.1)

Figure 5.2: Predicted Phengaris alcon egg number on Gentiana asclepiadea for the effects of gentian height and Myrmica
scabrinodis number. Estimates were extracted from a Gaussian model. Each circle represents one of the 73 focal plants
studied, on which butterflies had oviposited. Fitted lines indicate significant effects (Table 5.1)
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Figure 5.3: Phengaris alcon oviposition effect (absence/presence) on the mean fruit length of Gentiana asclepiadea in comparison to fruits that were additionally attacked by other herbivores (grey bars) or fruits that were not attacked by other herbivores
(white bars). Bars represent average values and lines represent standard deviation. Sample sizes are shown inside each bar.
Letters on top of bars represent significance test (T-test: t = 3.0, df = 25, p = 0.003)

5.4.4

Insect visitation on flowers of Gentiana asclepiadea

Bumblebees were the most frequent floral visitors, followed by syrphids flies and other flies
(Fig. 5.6). Both bumblebee and syrphid visitation increased with corolla width (Table 5.3,
Fig. 5.5). Syrphid visitation also increased with decreasing corolla length and decreasing
gentian height (Table 5.3). Visitation by other flies increased with decreasing corolla length
and increasing gentian height (Table 5.3, Fig. 5.5). When we started the observations later
in the day, the number of non-syrphid fly visits was reduced, indicating that these flies are
more active earlier in the day (Fig. 5.6).

5.4.5

Pollinator-mediated selection on Gentiana asclepiadea

For the “open pollination” treatment, seed set was largest in flowers with intermediately long
corollas (quadratic effect of corolla length; Table 5.4, Fig. 5.7). For the “pollen supplementation” treatment, flowers with a wider corolla had an increased seed set (Table 5.4). Merging
the dataset of both pollination treatments showed that G. asclepiadea was significantly
pollen-limited, as flowers that received extra pollen by manual supplementation produced
significantly more seeds than the “open pollination” treatment. However, there were no
significant interactions between pollination treatment and the floral traits (Appendix N).
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Table 5.2:

Generalized linear model analyses of Myrmica presence/absence and abundance near Gentiana asclepiadea. Estimates, standard errors (SE), z statistics and p values of full models

are given for all the effects: gentian traits (branch number, height and density) and surrounding vegetation (Principal Components; PC1, PC2 and PC3). Significant effects (p < 0.05) are shown
in bold. Continuous variables were standardized to a mean of zero and a standard deviation of one for better interpretation

Myrmica rubra
(binomial error dist.)
Fixed effect

73

gentian branch number
gentian height
gentian density
Poaceae abundance (PC1)
Phragmites height (PC2)
vegetation height (PC3)

estimate

SE

−0.02
−0.28
0.52
0.46
0.09
0.28

0.26
0.27
0.25
0.22
0.25
0.25

z

Myrmica ruginodis
(binomial error dist.)
p estimate

−0.08 0.93
−1.02 0.31
2.10 0.04
2.07 0.03
0.36 0.72
1.10 0.27

0.17
0.18
−0.35
0.12
0.42
0.08

SE

z

0.22
0.26
0.22
0.22
0.22
0.24

0.79
0.70
−1.60
0.57
1.88
0.35

Myrmica scabrinodis
(negative binomial error dist.)
p estimate
0.43
0.48
0.11
0.57
0.06
0.73

−0.07
0.54
−0.52
0.09
0.14
−0.04

SE

z

p

0.12 −0.64
0.52
0.13
4.18 <0.01
0.11 −4.59 <0.01
0.11
0.82
0.41
0.11
1.24
0.22
0.12 −0.34
0.74

Figure 5.4: Predicted Myrmica scabrinodis number for the effects of gentian height and density.
Circles represent each of the 170 focal plants studied, and fitted lines indicate significant effects
(Table 5.2)

Table 5.3:

Generalized linear mixed-effect model analyses of insect visitation on flowers of Gentiana asclepiadea. Estimates, standard errors (SE), z statistics and p values of full models are

given for the fixed effects: corolla length, width and their quadratic effects, gentian height, flower number and observation. Significant effects (p < 0.05) are shown in bold. Continuous variables
were scaled for better interpretation. Random effect was represented as variance estimate

Bumblebees
(negative binomial error dist.)
Fixed effect

74

corolla length
corolla length2
corolla width
corolla width2
gentian height
flower number
observation start
Random effect
observation date

estimate
−0.08
−0.16
0.38
−0.15
0.35
0.00
0.03

SE

z

Syrphids
(negative binomial error dist.)

p estimate

0.15 −0.51 0.61
0.12 −1.27 0.20
0.16
2.39 0.02
0.11 −1.34 0.18
0.19
1.84 0.07
0.15
0.02 0.99
0.16
0.19 0.85

−0.46
0.08
0.45
0.23
−0.68
−0.20
−0.46

SE
0.21
0.21
0.21
0.34
0.34
0.41
0.28

z

Other flies
(negative binomial error dist.)

p estimate

−2.19 0.03
0.46 0.65
2.15 0.03
1.81 0.07
−2.02 0.04
−0.48 0.63
−1.67 0.10

−1.13
0.08
−0.49
−0.06
1.00
−0.64
−1.00

SE
0.40
0.37
0.48
0.34
0.47
0.67
0.47

z

p

−2.82 0.01
0.21 0.83
−1.02 0.31
−0.19 0.85
2.13 0.03
−0.96 0.34
−2.13 0.03

variance

variance

variance

0.03

0.08

< 0.01

Figure 5.5: Predicted visit number of bumblebees (first pane), syrphids (bottom panes) and other flies (second and third top
panes) for the effects of corolla length, corolla width and gentian height. Only significant effects are shown per functional
groups, and fitted lines indicate the predicted direction of the effects (Table 5.3). Circles represent each of the 55 observations
carried out during pollinator observations

Figure 5.6: Total number of different behaviors (left pane) and activity daytime in hours (right pane) for all functional groups
recorded during pollinator observations on flowers of Gentiana asclepiadea. Animal behavior on the flower is shown with
different colors. Note that ants recorded during pollinator observations were not Myrmica, the ant-hosts of Phengaris. Time
of sunrise and sunset are shown with doted grey lines, whereas time of observation start and end as dashed grey lines
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Table 5.4:

Generalized linear mixed-effect and generalized linear model analyses of Gentiana asclepiadea seed set for open

pollination and pollen supplementation treatments. Estimates, standard errors (SE), z statistics and p values of full models are
given for fixed effects: corolla length and width, and their respective quadratic effects and interaction. Continuous variables
were standardized to a mean of zero and a standard deviation of one for better interpretation. Random effect is shown as
variance estimate. Significant effects are in bold (p < 0.05). Note that for pollen supplementation there is no random effect

Fixed effect
corolla length
corolla length2

Open pollination (n = 37)

Pollen supplementation (n = 41)

(negative binomial error dist.)

(negative binomial error dist.)

estimate

SE

z

p

estimate

SE

z

p

0.12

0.21

0.57

0.57

−0.08

0.10

−0.79

0.43

−0.31

0.14

−2.13

0.03

0.10

0.15

0.62

0.53

corolla width

0.26

0.18

1.50

0.13

0.35

0.14

2.39

0.02

corolla width2

0.17

0.14

1.18

0.24

−0.01

0.07

−0.18

0.86

−0.20

0.16

−1.25

0.21

−0.38

0.21

−1.83

0.07

corolla length : corolla width
Random effect

variance

variance

pollination date

< 0.01

-

Figure 5.7: Seed set in “open pollination” and “pollen supplementation” treatments in Gentiana asclepiadea (left pane).
Predicted seed set for the effects of corolla length in “open pollination” treatment (central pane) and corolla width in “pollen
supplementation” (right pane) treatment. Circles represent each of the collected fruits in ‘open pollination’ (n = 37) and
“pollen supplementation” (n = 41). Fitted lines indicate significant effects (Table 5.4)

5.5
5.5.1

Discussion
Visitation by putative pollinators in relation to gentian traits

Gentiana asclepiadea, like many other Gentianaceae, have colorful flowers that are attractive
to bumblebees, with a size and shape compatible with bumblebee bodies (Burton, 1878;
Kozuharova, 1994; Nowotny, 2010). In our study, bumblebees were indeed the most frequent
visitors of G. asclepiadea (Fig. 5.6). As they collected both pollen and nectar, this strongly
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suggests that bumblebees are important for pollination. Among the other relatively frequent
visitors, only syrphid flies and other flies showed behavior that could result in pollination (i.e.
collecting nectar and/or pollen). Therefore, bumblebees, syrphid flies and other flies are the
most likely pollinators that act as selective agents operating on flower traits.
Bumblebees, syrphid flies and other flies differed in their preferences for flowers and
gentian traits. Bumblebees preferentially visited flowers with intermediate corolla width
(Fig. 5.5). This may be due to the body size of bumblebees acting as a constraint for flower
visitation. Bumblebees may have more difficulty entering narrower flowers and reaching the
nectaries at the pistil base, and thus developed a preference for larger flowers. Alternatively,
larger flowers may be simply easier to detect by bumblebees (Spaethe et al., 2001). Flowers
with wider corollas, however, also attracted more syrphid flies, which are smaller than
bumblebees, possibly because wider flowers constitute larger landing platforms. Additionally,
flowers with shorter corolla lengths attracted more syrphid flies and other flies. This could be
related to the comparatively shorter mouthparts of flies compared to e.g. bumblebees (Krenn
et al., 2005), so that collecting nectar from flowers with shorter corollas is easier. Gentian
height was important for both syrphid and other fly visitation, but in a different way. Short
gentians attracted more syrphid flies, but fewer other flies than taller gentians. We do not
have an explanation for this. Nevertheless, the relation between visitation frequencies and
(mainly floral) gentian traits provides a first indication that pollinators may exert directional
selection on gentian flower morphology.

5.5.2

Oviposition on Gentiana asclepiadea

Previous studies on the Gentiana-Phengaris-Myrmica interaction tested the effects of gentian
traits and ants on Phengaris oviposition separately. In our study, we showed that gentian
traits, ant-host abundance and identity, and the surrounding vegetation influenced P. alcon
oviposition. Plants with more branches in areas with more Poaceae relative to Juncaceae
and in areas with shorter surrounding vegetation received relatively more eggs. Oviposition
also increased with decreasing Gentiana density. These results suggest that P. alcon prefers
laying eggs on plant-hosts that are exposed, and therefore can be easily found in the field.
Additionally, gentians in higher densities received relative fewer eggs, probably because
Phengaris preferred to spread their eggs more equally among plant-hosts, instead of on only
few. Overall, our results are in accord with the ones found by Nowicki et al. (2005a), Fürst
and Nash (2010) and Wynhoff et al. (2015), but there are also differences with other studies.
For example, we did not find that more flowers per plant increased oviposition as reported for
P. rebeli on G. cruciata (Kéry et al., 2001) and for P. alcon on G. pneumonanthe (Küer and
Fartmann, 2004; Wynhoff et al., 2015). Nowicki et al. (2005b) also did not find that gentian
density explained P. alcon oviposition in a polish population of G. pneumonanthe. Therefore,
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although Phengaris oviposition is in general determined by plant-hosts traits, it may have
particular differences between sites and species combinations in the Gentiana-Phengaris
interaction range.
As expected, P. alcon oviposition was positively explained by ant number, particularly
in regard to M. scabrinodis. Although all of the three Myrmica species found in our study (M.
rubra, M. ruginodis and M. scabrinodis) are possible ant-hosts for P. alcon (Pech et al., 2007),
Phengaris is usually specialized in one single Myrmica species as its main host in a specific
area, whereas other Myrmica species may be only rarely exploited (Thomas et al., 1989). We
argue that M. scabrinodis is the P. alcon ant-host in the study area, similar to other reports
for southern Germany (Küer and Fartmann, 2004), Spain, France, Southern Netherlands
(Elmes et al., 1994), Czech Republic (Pech and Sedláček, 2016), Poland (Sielezniew and
Stankiewicz, 2004) and Ukraine (Witek et al., 2008), but not for Northern Europe (Elmes
et al., 1994; Als et al., 2002) or Portugal (Wynhoff et al., 2015). This supports the idea of
local specificity in the Gentiana-Phengaris-Myrmica system. Other studies also suggested
that ant-host presence around plant-hosts positively explains Phengaris oviposition (van
Dyck et al., 2000; Nowicki et al., 2005a, but see Fürst and Nash, 2010). The link between
Phengaris oviposition and ant presence, however, may have different explanations. For
example, Phengaris may oviposit close to Myrmica because they may directly recognize
Myrmica nests or workers around gentians. Alternatively, Phengaris may prefer to oviposit on
the same plants that Myrmica use for resources or choose for building their nests. Therefore,
Phengaris oviposition may be the result of different direct and indirect ecological effects.
One factor that might influence Phengaris oviposition is the spatial environment.
Previous studies reported similar mean P. alcon egg number per plant (e.g. 9.6 + 9.2 in
Thomas et al., 1991; 4.3 + 3.3 in Willers, 2016). However, our relatively variable number of
Phengaris eggs per plants (ranging from 0 to 117, with a mean of 10.2 + 20.6) was associated
with plants closer to the forest edge and in more elevated drier areas (pers. observ.), which
are potentially preferred by Myrmica for building their nests. Hence, we have indications
that P. alcon oviposition is also spatially correlated. Another explanation for Phengaris
oviposition might be related to the Phengaris flight behavior. Phengaris butterflies fly short
distances (Nowicki et al., 2005b), therefore, butterflies in our study area may have laid
relative larger egg clusters on fewer plants because they simply were born in those patches
where the focal plants were scarce, and consequently did not have any other alternative for
oviposition. A further explanation that could be related to the short flight behavior, and thus
oviposition, of Phengaris is that butterflies may actively prefer to oviposit where they emerge
(active philopatry; Resetarits, 1996). Therefore, future studies should account for the spatial
environment effect on Phengaris oviposition to bring new insights into the understanding
of the Gentiana-Phengaris-Myrmica system. Moreover, studies that investigate Phengaris
chemical and visual preferences for example could contribute on disentangling the importance
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of Myrmica, Gentiana and environment on oviposition choices.

5.5.3

Antagonistic selection by herbivores and pollinators on reproductive traits of Gentiana asclepiadea

Florivory and pollination may impose opposing selection on floral traits (Lohman et al., 1996;
Galen, 1999; Cariveau et al., 2004). We expected that P. alcon would select oviposition
targets based on G. asclepiadea floral traits and that the florivory by the developing larvae
would reduce plant fitness, as has been found previously (Kéry et al., 2001). However, gentian
reproductive traits (i.e. flower number) did not explain variation in oviposition probability,
and egg number did not depend on flower size, suggesting no relationship between flower
size and oviposition. Anton et al. (2008) also report that flower size in S. officinalis does
not influence oviposition by P. nausithous. Instead, Phengaris oviposition is suggested to be
strongly related to the flower bud phenological stage (Thomas and Elmes, 2001; Patricelli
et al., 2011), but it may promote selection in plant-hosts for later flowering (Valdés and
Ehrlén, 2017). Since Phengaris oviposition takes place when flowers are in the bud stage and
that flower bud size is not necessarily proportional to final flower size, Gentiana flower size
might thus have a minor effect on Phengaris oviposition decisions. So, contrary to results of
Kéry et al. (2001), florivory by Phengaris may not always reduce Gentiana seed production or
select floral traits. Alternatively, Gentiana fitness may be determined by herbivores other than
P. alcon. We observed additional generalist herbivores on focal plants, and we also found
larvae of the seed predator Stenoptilia graphodactyla (Treitschke, 1833) in two fruits during
seed set assessment (pers. observ.). Our results showed that other herbivores reduced the
reproductive output per flower more than Phengaris. Finally, the “pollen supplementation”
treatment showed that G. asclepiadea flowers with wider corollas can produce more seeds
(Fig. 5.7). If fruit length is associated with corolla width, this finding implies that general
fruit herbivory could select for smaller flowers.
Our second expectation was that pollinator-mediated selection would be directional,
favoring larger flowers, or stabilizing, favoring flowers with intermediate sizes. Our pollinator
observation results suggest that there is potential for selection in G. asclepiadea. We found
that seed set in the “open pollination” treatment was consistently higher for flowers with
intermediate corolla lengths (Fig. 5.7). Flowers with intermediate corolla lengths had the
highest seed sets, probably because they were preferred by all pollinator groups relatively
more frequent than the small and large flower sizes. Therefore, selection on flower size in G.
asclepiadea may be imposed by pollinators and it may be overall stabilizing.
Our data also shows that G. asclepiadea suffered from pollen limitation in the study
area (Fig. 5.7). This may be explained by the few pollinator visits recorded in our study.
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Gentiana asclepiadea flowers only received in average 5.2 + 4.0 (n = 55) visits per day during
pollinator observations. Possibly, G. asclepiadea competed for pollinators with the following
species which concurrently flowered in the study site: Allium vineale L. (Amaryllidaceae),
Colchicum autumnale L. (Colchicaceae), Mentha aquatica L. (Lamiaceae), Parnassia palustris
L. (Celastraceae), Potentilla sp. (Rosaceae) and Succisa pratensis Moench (Caprifoliaceae).
It has been suggested that pollen limitation may lead to a stronger selection on floral traits,
when pollinators are scarce (Totland, 2001; Knight et al., 2005; Zhao and Wang, 2015),
which is in line with our evidence for pollinator-mediated selection on floral traits. Hence, we
conclude that there is pollinator-mediated selection on floral traits in G. asclepiadea.

5.6

Conclusion

The consequences of the interaction between the effects of herbivores and pollinators on
selection of floral traits in G. asclepiadea are hitherto not entirely understood. Current
evidence suggests that Phengaris obligatory parasitism on specific flowering stages of its
plant-hosts selects for later flowering (Valdés and Ehrlén, 2017), fewer and perhaps also
smaller flowers (Kéry et al., 2001; Wynhoff et al., 2015) in plant-hosts that are heavily
attacked by butterflies. Other studies also support florivory selection on flower traits in
general (Parachnowitsch and Caruso, 2008). Our study, however, does not support that
Phengaris florivory imposes selection on floral traits, but we suggest that the combined effect
of herbivores may influence plant reproductive traits, such as fruit size. Pollinators exert
selection on corolla size and therefore should also contribute to selection of reproductive traits
in G. asclepiadea. Yet, a direct link between antagonists and mutualists of G. asclepiadea
are still in question. To give more insights into the Gentiana-Phengaris-Myrmica interaction,
future studies should also link the effect of bud parasitism on flower visitation by pollinators,
and whether Phengaris larvae have a detrimental effect on seed viability or germination
success. Therefore, studies taking into account a larger geographical range may also bring a
new perspective to the relationship with Gentiana plant-hosts.
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Part III
General discussion
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Chapter 6
General discussion
The research presented here aimed at elucidating a series of open questions in plant mating
system ecology and evolution. Below, I briefly discuss the main findings concerning: inbreeding
depression on performance traits and its relationship with the evolution of selfing; the
morphological changes following the evolution of selfing and its consequences for pollinator
attraction; and the importance of considering the ecological interactions with protagonists
(pollinators) and antagonists (herbivores) in driving the evolution of plant reproductive traits.

6.1

Inbreeding depression and the evolution of plant
mating systems

My estimates of inbreeding depression in the North American populations were relatively low
compared to European A. lyrata populations (Kärkkäinen et al., 1999; Sletvold et al., 2013;
Willi, 2013b). This particular situation can be associated with different evolutionary histories
in the two geographical ranges. For example, A. lyrata is suggested to have undergone
an evolutionary bottleneck event in the North American range (Ross-Ibarra et al., 2008).
Moreover, A. lyrata grows in different habitats in North America (commonly in disturbed
sand dune landscapes) compared to Europe (Al-Shehbaz and O’Kane Jr, 2002; Clauss and
Koch, 2006). Therefore, it should be reasonable to expect that populations in North America
and Europe have faced different ecological and evolutionary pressures.
Due to purging, inbreeding depression is expected to be larger in outcrossing compared
to selfing populations (Charlesworth and Charlesworth, 1987). My results, however, show that
selfing and outcrossing A. lyrata populations have similar inbreeding depression estimates,
with an overall cumulative estimate of ∼ 30 %. This suggests that there has not been
any purging in selfing populations. Moreover, I did not find that inbreeding depression
increased after herbivory and drought treatments in A. lyrata populations. My results imply
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that inbreeding depression may not always constitute a barrier to the evolution of mating
systems in plants. In the particular case of North American A. lyrata, low levels of inbreeding
depression could have facilitated the evolution of selfing. Moreover, the fact that my drought
and herbivory stress treatments did not magnify inbreeding depression suggests that the
estimates of inbreeding depression in A. lyrata are robust and independent from environmental
conditions. Taken together, since inbreeding depression does apparently not impose a strong
barrier to selfing evolution in A. lyrata, my results raise the question of what prevents the
evolution of selfing in the outcrossing populations in which self-compatible individuals occur
at low frequency (Foxe et al., 2010).
Arabidopsis lyrata populations that evolved high selfing rates (only in North America)
are usually confined to peninsulas or at the margins of the species geographical range (Foxe
et al., 2010; Griffin and Willi, 2014). These marginal or isolated populations may thus
be relatively smaller than the other populations, and consequently more prone to be mate
limited. In turn, the advantages of selfing, such as reproductive assurance (Darwin, 1876;
Baker, 1955, 1965) and the two-fold transmission advantage (Fisher 1941) may play a more
important role and drive the evolution of higher selfing rates. Reduced mate availability is
suggested to be a rapid driver of the evolution of self-fertilization, and its associated traits
(Roels and Kelly, 2011; Noël et al., 2016). Furthermore, A. lyrata is suggested to be sensitive
to small population sizes. Smaller populations may flower less or produce less seeds than
larger populations (Vergeer and Kunin, 2011), which may explain higher selfing in marginal
populations. Therefore, the drivers of selfing evolution in small populations of A. lyrata may
have been of demographic nature, but the pre-existing relatively low levels of inbreeding
depression were probably also a key prerequisite.
Another explanation for the persistence of high outcrossing rates in most North
American A. lyrata population (Foxe et al., 2010) may be that selfing populations are not
stable and they go frequently extinct, the so-called “evolutionary dead-end” hypothesis
(Stebbins, 1957; Takebayashi and Morrell, 2001; Busch and Delph, 2017). In theory, selfing
populations could also shift back to outcrossing, but this phenomenon still lacks empirical
support (Igic and Busch, 2013). Alternatively, outcrossing may be maintained in the North
American range, because the advantages of outcrossing simply still outweigh selfing. For
example, outcrossing may be maintained by pathogen-mediated selection (Busch et al., 2004),
and the floral morphology may prevent high selfing rates, because they are not optimal for
selfing still promote cross-pollination due to abundant pollinator visitation. The latter option
will be explored and discussed in more detail below.
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6.2

Selfing evolution consequences to floral morphology

My results on floral trait variation in A. lyrata show that the early evolution of selfing has led
to small but significant changes in flowers towards a selfing syndrome. The selfing syndrome
in plants is a well-known evolutionary pattern in flower morphology following the evolution
of selfing from outcrossing mating systems (reviewed in Sicard et al., 2011). Examples have
been abundantly described in several plant families, such as in Brassicaceae (Tedder et al.,
2015; Sicard and Lenhard, 2011), Caryophyllaceae (Wyatt, 1984), Onagraceae (Runions and
Geber, 2000), Phrymaceae (Ritland and Ritland, 1989) and Solanaceae (Mione and Anderson,
1992). The relatively small changes in flower size I found in A. lyrata contrast with other
study systems. For example, in C. rubella selfing is associated with a ∼ 85 % reduction in
flower size (Sicard and Lenhard, 2011), but my study only found ∼ 9 % reduction in selfing
relative to outcrossing populations. This difference might be explained by the fact that the
evolution of selfing in A. lyrata is more recent than in C. rubella (Guo et al., 2009; Mable
et al., 2016). These findings are in line with the commonly held assumption that changes
in floral morphology towards the selfing syndrome tend to arise after the evolution of high
selfing rates.
The recurrent evolution towards a common pattern, the selfing syndrome, gives rise
to the question whether the same genetic basis underlies the syndrome’s evolution. Several
studies have therefore attempted to elucidate the genetic basis of the selfing syndrome. Steige
et al. (2015) found evidence that 85 genes surveyed in C. rubella show associations with
floral trait differentiation between outcrossing and selfing individuals. Similarly, Arunkumar
et al. (2016) found about 100 genes that might influence floral trait expression after the
evolution of selfing in E. paniculata. In some cases, the relatively rapid evolution of the
selfing syndrome suggests that standing genetic variation in outcrossing ancestors may be
important. For example, the reduction in pollinator availability has promoted the evolution
of shorter anther-stigma distances in M. guttatus after only few generations (Roels and
Kelly, 2011). According to Sicard et al. (2016), tissue-specific regulation in pleiotropic genes
might contribute to the evolution of petal size in the highly selfing C. rubella, and this
might provide a plausible evolutionary explanation for the rapid evolution of flower size after
the outcrossing-to-selfing transition. It would be of great interest to test whether some of
the candidate genes identified in other systems are also responsible for the subtle changes
towards the selfing syndrome in A. lyrata.
Another novelty of my study on flower morphology was that I analyzed several floral
traits in comparison to mating systems. In Brassicaceae, the shift from outcrossing to selfing
is generally associated with reductions in floral size and a decrease in P/O (Tedder et al.,
2015; Takahata, 2009), but little is known about other floral traits. My study confirms
this assertion, but also innovates by measuring floral traits that were historically neglected,
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such as floral shape. Therefore, the investigation of floral morphology and mating system
evolution might be improved with the use of larger sets of floral traits.
Finally, I showed that the effects of mating system and floral trait variation did not
explain pollinator visitation in a common-garden experiment using A. lyrata. This result
is a confirmation that outcrossing and selfing populations have on average similar flower
morphologies and therefore might similarly attract putative pollinators. Consequently, if
selfing populations can attract as much pollinators as outcrossing populations, the low
outcrossing rates present in selfing populations in the wild should not be attributed to
flower attractiveness (see Appendix F for the actual tm values). For example, selfing
populations may occur in areas where pollinators are scarce. On the contrary, outcrossing
populations, which are expected to promote cross-pollination in the wild, may establish
different ecological interactions according with the communities they occur. The importance
of ecological interactions on floral trait selection and mating systems is well known (Gómez
et al., 2006; Johnson et al., 2015; Jogesh et al., 2016; Sletvold et al., 2017). Therefore, more
studies in A. lyrata should investigate pollination in the field to solve the question whether
selfing populations are under relaxed pollinator-mediated selection, and whether outcrossing
populations are under varying geographical scenarios of pollinator-mediated selection. This
should be relevant for the understanding of plant mating systems.

6.3

The importance of ecological interactions to floral
trait evolution

My findings suggest that ecological interactions have positive and negative consequences to
plant performance. In my field study using the Gentiana-Phengaris-Myrmica system I found
that herbivory reduced fruit length, whereas pollination increased seed set. This suggests that
the interactions between plants with their herbivores and pollinators have a direct effect on
performance. Ultimately, plant mating systems may be affected by the ecological interaction
that plants establish with their antagonistic and mutualistic partners.
I found evidence for pollinator-mediated selection on corolla size, suggesting that
pollinators drive the evolution of floral traits. This is not surprising, given that pollination has
been long regarded as a remarkable evolutionary force predicting plant reproduction (Delpino,
1873-1874; Galen, 1989; Alexandersson and Johnson, 2002, but see Ellis and Johnson, 2009;
Chalcoff and Aizen, 2016). However, investigating the effect of pollination, but also other
ecological interactions in the same study, such as herbivory, might bring additional insights
into the understanding of plant reproduction and mating systems. For example, pollinators
may discriminate diseased plants (Shykoff and Bucheli, 1995) and avoid damaged flowers
(Jogesh et al., 2016). Hence, the direct and indirect effects of pollinators and herbivores
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should have important consequences for plant performance, and particularly for floral trait
evolution.

6.4

Perspectives

Plant mating systems have already been the focus of research for over two centuries since the
work of Sprengel (1793), who described flower structure and function, and later on Darwin
(1876), who investigated the attributes of flower organs and its consequences to species
adaptation. After several years of study on plant mating system, much information has been
gathered today. Moreover, recurrent studies try to compile and summarize this data in order
to improve knowledge on plant reproduction and to advance the research field (Charlesworth
and Charlesworth, 1987; Barrett, 2002; Charlesworth and Willis, 2009; Eckert et al., 2010).
The research on plant mating systems, particularly in ecology and evolution, however,
is not entirely done. Future studies are still needed to describe it much more in detail and
with innovative perspectives. It would be meaningful to improve research on populations
under natural conditions, testing the effect of environmental predictors and biotic interactions
on reproductive traits. For example, the use of choice experiments could be useful to test
the role of pollinators, parasites and florivores on selection of specific flower morphs (i.e.
controlling for size, shape, nectar, etc.), and this could help us understand how floral traits
may be selected in the wild. The use of more species in addition to the well-known models
could also be used to prove the generality of patterns found at the current studied species
with association to phylogeny.
My study also reveals that the use of video recordings on pollinator assessments
may represent a substantial improvement on the field of pollination ecology. Traditionally,
pollinator visitation has been estimated by relatively short sampling times, such as a couple of
hours per focal plant, and with the use of personal observations (e.g. Eckhart, 1991; Conner
and Rush, 1996; Engel and Irwin, 2003). On the contrary, time-lapse or video recordings,
combined with the use of new available software to manipulate and process image data (e.g.
ClickPoints software, Gerum et al., 2016; camtrapR software, Niedballa et al., 2016; and
see Steen, 2016), can open the possibility of analyzing comparatively larger amounts data,
especially if the process of video analysis could be coupled with automatic object recognition
and counting. Moreover, image data can be more easily retrieved and re-analyzed than
personal pollinator observations recorded on paper. Future ecological studies would thus
profit from more frequent adoption of automated methods of pollinator visitation recording.
My results also highlight that the spatial component of biotic interactions can bring
valuable information and should not be forgotten in ecological studies. Previous results on
inbreeding depression and floral trait variation support this assertion, given that the occurrence
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of outcrossing and selfing A. lyrata populations also relate to their geographical distribution.
Therefore, to understand the complex interactions of plant species with their environment,
including the interactions with antagonists and mutualists, studies should consider taking into
account the effect of space on their measurements. For example, the effect of space could be
incorporated into statistical models by adding the coordinates of the experimental units, and
it has been readily implemented in some software (R package spaMM, Rousset et al., 2016; R
package geoRglm, Christensen and Ribeiro Jr, 2015; R package spGLM, Finley and Banerjee,
2015; OpenBUGS 3.2.3, http://openbugs.net/w/FrontPage). The disadvantage of this
approach, however, is that the computational time is substantially longer than simpler
statistical models, and relative larger sample sizes are required (Korner-Nievergelt et al.,
2015).
Also, theoretical models and computer simulations using the increasing accumulation
of genetic data and the capacity of new software and hardware could produce more reliable
tools to predict the behavior of selfing and outcrossing populations. Furthermore, provided
that climate change and habitat disturbance are already a major problem for humanity (and
will probably still be in the future), it would also be relevant to investigate the importance of
anthropogenic effects on plant reproduction and maintenance in ecosystems. Finally, studies
should cover more tropical and sub-tropical species, which are depressingly underrepresented
or biased in literature (Clark, 1985; World Conservation Monitoring Centre, 1992). Ideally,
the solution for fixing this bias would be to encourage international cooperation between
multiple research groups, and to improve the education and research quality on historically
marginalized world regions. Science should flourish through the lens of social-economic
equality. Now, all of the aforementioned suggestions and initiatives seem a daunting task,
of course. Should this task be a reality, however, it would be extremely helpful, fostering
healthy progress in the study plant mating system ecology and evolution, and in science in
general.
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Part IV
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Conclusions
First, I showed how levels of inbreeding depression may be expressed over different lifecycle
stages in outcrossing and selfing populations. Inbreeding depression depends on the trait
of study. The evolution of selfing from self-incompatibility not necessarily requires the
purging of the genetic load, if inbreeding depression is already low in the species. Moreover,
environmental stress does not necessarily produce an increase in the magnitude of inbreeding
depression.
Second, I showed how the evolution of selfing in relatively recent selfing lineages may
lead to subtle changes in floral morphology. The evolution of mating systems might produce
significant changes in flower morphology with varying intensities, depending on the trait of
study, but also on the species’ genetic population structure. Thus, evolutionary histories
might have important implications to selection of floral traits inside each lineage.
Third, I could not prove that floral trait variation in outcrossing and selfing populations
explain pollinator visitation in a common-garden experiment. After the early evolution of
selfing, selfing species might still similarly attract pollinators to their flowers compared to
their outcrossing ancestors. The reasons for the low outcrossing rates in selfing populations
in the wild might thus not always be explained by floral trait variation.
Fourth, I showed how ecological interactions might positively or negatively affect floral
trait evolution. Mutualistic and antagonistic partners might influence flower morphology
evolution by selecting particular traits, which are associated with their foraging behavior.
The output of floral trait selection should be the net-balance result between mutualistic and
antagonistic ecological interactions in plants, because they can influence plant performance.
Finally, I hope to have contributed to the progress of research in plant ecology and
evolution. Moreover, I hope that the ideas presented at the end of my discussion will also
inspire new people to join the field, and new research to be produced.
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The articles presented here have been published or submitted with supplemental material
containing additional method descriptions or complementary data not suited for main publication. These information are public and can be accessed at the long-term storage database
of Open Science Framework (OSF). Below, I list the supplemental material for each chapter
and their respective internet links. On the following pages the actual files are shown.
Article 1: Relatively weak inbreeding depression in selfing but also in outcrossing
populations of North American Arabidopsis lyrata
Access link: https://osf.io/gsgeb
• (A) Sample sizes for inbreeding depression experiment
• (B) Test for potential side-effects of CO2 -enriched self-pollination in A. lyrata
• (C) Confirmation of defense induction by jasmonic acid application
• (D) Powdery mildew infestation
• (E) Inbreeding depression within stress treatments
Article 2: Small reductions in corolla size and pollen:ovule ratio, but no changes
in flower shape in selfing populations of the North American Arabidopsis lyrata
Access link: https://osf.io/tj7by
• (F) Information on populations and on samples used in the study
• (G) Geometric morphometric analysis of petal shape in Arabidopsis lyrata
• (H) Tukey tests for all comparisons among genetic clusters in GLMMs
• (I) Summary of GLMMs for all floral traits within a population subset
• (J) Floral integration in Arabidopsis lyrata
• (K) Summary statistics for all floral traits in outcrossing and selfing populations
Article 3: Consequences of direct and indirect interactions in the system Gentiana
asclepiadea-Phengaris alcon-Myrmica
Access link: https://osf.io/2eg49
• (L) Map of the study area and location of focal plants
• (M) General view of the study site and measurement approaches
• (N) Statistical analyses of seed set
• ( ) Pollinator observation: video recording example (available online only)
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Appendix A: sample sizes for inbreeding depression experiment
Table S1. Sample sizes per mating system (number of populations), per population (number of mothers for which cross and self seeds were
available) and per mother-crosstype combination (number of seeds sown and number of available seedlings). In bold, subtotals for outcrossing
and selﬁng populations are shown below each mating system

Mating
system
Out crossing

Population
(N = 6)
IND

MAN

122

PCR

PIN

SBD

TSS

Totals outcrossing populations

Mother
(N = 30)
3-1
7-1
8-1
9-1
19-1
1-2
8-1
12-1
13-1
16-1
5-1
10-1
14-1
18-1
33-1
11-1
21-1
26-1
27-1
28-1
3-1
10-1
16-1
21-1
30-1
9-1
13-1
16-1
17-1
26-1

Cross type*
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]
Cross [amb] + Self [CO 2]

Seeds
sown
20 + 20
20 + 20
20 + 18
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 19
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
20 + 20
600 + 597
(1197)

Seedlings
available†
14 + 17
18 + 14
14 + 15
10 + 12
17 + 9
12 + 9
18 + 13
8 + 14
15 + 19
20 + 19
20 + 20
12 + 9
17 + 14
19 + 19
20 + 13
19 + 17
20 + 19
17 + 5
20 + 17
17 + 13
19 + 19
13 + 15
19 + 17
17 + 8
18 + 8
17 + 9
18 + 20
16 + 14
17 + 20
16 + 17
497 + 434
(931)

Mating
system
Selfing

Population
(N = 5)
LPT

PTP

RON

TC

TSSA

Totals selfing populations

* All cross-pollinations were done under ambient conditions [amb], self-pollinations took place in a CO 2enriched environment [CO 2] or under ambient conditions [amb]
†
Differences between “Seeds sown” and “Seedlings available” usually reflect cases where seeds failed to
germinate. Mother-cross type combinations in which one of the seedlings died due to transplanting are indicated
in bold

Mother
(N = 26)
9-2
23-1
24-2
30-2
31-2
1-1
3-1
6-1
5-1
7-1
10-1
13-1
16-1
19-1
27-1
28-1
8-1
10-1
19-1
30-1
32-1
18-1
19-1
21-1
26-1
30-1

Cross type*
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]

Seeds
sown
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20

Seedlings
available†
14 + 12 + 11
14 + 2 + 16
2 + 13 + 0
18 + 14
12 + 8 + 17
19 + 18 + 18
19 + 18 + 19
19 + 19 + 13

Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]
Cross [amb] + Self [CO 2] + Self [amb]

20 + 20 + 20
20 + 20 + 19
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 20 + 20
20 + 19 + 20
20 + 20 + 19

19 + 13 + 15
20 + 20 + 18
19 + 16 + 10
20 + 19 + 18
12 + 16 + 6
18 + 17 + 16
20 + 18 + 19
19 + 18 + 18
20 + 14 + 17
20 + 18 + 19
20 + 20 + 20
20 + 19 + 20
20 + 20 + 19
12 + 10 + 16
19 + 4 + 17
20 + 11 + 18
18 + 12 + 17

Cross [amb] + Self [CO 2] + Self [amb]

520 + 499 + 518
(1537)

18 + 16 + 1

18 + 16 + 1
451 + 371 +
392
(1214)

Appendix B: test for potential side eﬀects
of CO2-enriched self-pollination in Arabidopsis lyrata
To test whether pollination under CO 2-enriched conditions has side-effects on performance
(germination proportion, vegetative biomass, flowering, reproductive biomass, cumulative
vegetative performance), we used a generalized linear mixed-effects model (GLMM)
implemented in the package lme4 (Bates et al., 2014) in R (R Core Team, 2013) with RStudio
0.98.1103 (http://www.rstudio.org/). Mating system and cross type (i.e., progeny origin:
crossing at ambient conditions, selfing at ambient conditions or selfing at CO 2-enriched
environment) were included as fixed effects. Population (nested in mating system) and
mother (nested in population) were included as random effects. For estimating the
coefficients of the fixed and the variance of the random terms, we fitted the models using
restricted maximum likelihood (REML; Zuur et al., 2013). Then, for assessing significances
of the fixed terms, we fitted the models using maximum likelihood (ML), and compared
models with and without each fixed term using likelihood-ratio tests (Zuur et al., 2013; Table
S2.1).
Given that outcrossing populations are self-incompatible, we did not have selfed seeds
produced at ambient conditions in this mating system category (see section Study species and
seed material in Material and methods and Appendix S1 for details). Therefore, the specific
contrast testing the differences between the two types of selfing (CO 2-enriched vs. ambient
conditions) could only be assessed in selfing populations. To compare cross type differences
in relation to all measured traits, we used post hoc Tukey tests implemented with the R
package multcomp (Hothorn et al., 2015; Table S2.2).
We did not find significant differences between the two types of self-progenies (CO 2enriched vs ambient conditions) for any of the traits. Moreover, cross type “self” consistently
differed from cross type “cross”, regardless of the conditions during self-pollination. This
shows that CO2-enrichment does not have side-effects.
Table S2.1. Summary of likelihood-ratio tests for germination proportion, vegetative biomass, flowering,
reproductive biomass, and cumulative vegetative performance in Arabidopsis lyrata. Random effects are
represented as variance estimates for the respective full model. Fixed effects with significant P values (< 0.05)
are highlighted in bold
Explanatory
variable
Fixed effect:
mating system
cross type
Random effect:
population
plant
cabinet

Germination
proportion (G)
χ2 =

Vegetative
biomass (B)

χ2 = P =
0.0
0.52
0.470
0.03
0.860
0.909
1
0.4
55.61 < 0.001 105.25 < 0.001
0.816
1
variance =
variance =
variance =
0.392
0.065
1.733
0.931
0.070
2.004
P=

-

χ2 =

Flowering

P=

0.001

0.387
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Reproductive
biomass

Cumulative
vegetative
Performance
(G x S x B)

χ2 =

P=

χ2 =

P=

0.79

0.375

0.06

0.812

8.01

0.018

168.96

< 0.001

variance =
0.034
0.145

variance =
0.072
0.086

0.008

0.001

Appendix B: test for potential side-eﬀects of
CO2-enriched self-pollination in Arabidopsis lyrata
(continued)
Table S2.2. Post-hoc Tukey tests for the specific pair-wise comparison between the three types of progeny
origins: self [CO 2-enriched], self [ambient conditions], cross [ambient conditions]. Selfing at ambient conditions
was only produced in selfing populations, whereas the other two cross types (progeny origins) were produced in
both selfing and outcrossing populations
Explanatory
variable

Germination
proportion (G)

Vegetative
biomass (B)

Flowering

Reproductive
biomass

Cumulative
vegetative
Performance
(G x S x B)

Contrast:
Z=
P=
Z=
P=
Z=
P=
Z=
P=
Z=
P=
self (CO2-enriched)
-6.98
< 0.001 -9.59 < 0.001
0.938 -1.57 0.256 -12.80 < 0.001
vs. cross (ambient)
0.34
self (CO2-enriched)
-0.12
0.991
0.32
0.943 0.38 0.924
1.58
0.252 -0.77
0.719
vs. self (ambient)
self (ambient) vs.
-4.97 < 0. 001 -7.30 < 0.001
0.800 -2.74 0.016 -8.48 < 0.001
cross (ambient)*
0.63
* this comparison was only made for selfing populations, since for self-incompatible plants from outcrossing
populations it is impossible to obtain self-seeds under ambient conditions.

References:
Bates D, Maechler M, Bolker B, Walker S (2014) lme4: linear mixed-effects models using
Eigen and S4. R Foundation for Statistical Computing, version 1.1-7, http://cran.rproject.org/web/packages/lme4/index.html
Hothorn T, Bretz F, Westfall P, Heiberger RM, Schutzenmeister A (2015) multcomp:
simultaneous inference in general parametric models. R Foundation for Statistical
Computing, version 1.3-9, http://cran.r-project.org/web/packages/multcomp/index.html
R Core Team (2013) R: a language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria
Zuur AF, Hilbe J, Ieno EN (2013) A beginner's guide to GLM and GLMM with R: a
frequentist and Bayesian perspective for ecologists. Highland Statistics, Newburgh
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Appendix C: conﬁrmation of defense induction
by jasmonic acid application
Jasmonic acid is a phytohormone known to be involved in herbivore-induced plant defense,
and is known to induce increased peroxidase activity in Arabidopsis thaliana (McConn et al.,
1997) and in other plants (Gundlach et al., 1992). To confirm that spraying with jasmonic
acid (JA) indeed induced defenses, we tested whether peroxidase activity was higher on
plants sprayed with JA compared to water-sprayed controls.
On the 2nd and 3rd of June 2014 (seven days after jasmonic acid application), we
harvested 100 mg of fresh leaf tissue for one plant sprayed with jasmonic acid and one plant
sprayed with water (control) per mother per cross type (n=274). Then, we extracted proteins
by grinding the tissue with mortar and pestle in an ice cold sodium phosphate buffer (0.1 M
Na2HPO4.2H2O at pH 7.0), centrifuging for 15 min at 11600 g and transferring supernatants
(i.e., the protein extracts) to fresh Eppendorf tubes. Protein samples were frozen until use. We
used a kit (BioRad 500-0002, BioRad Laboratories, Inc, Hercules, USA) with a bovine serum
albumin standard to determine protein concentrations with a Bradford assay (Bradford 1976).
We then estimated the peroxidase activity by kinetics, i.e., by assessing the speed of the
oxidization of 3,3’,5,5’-tetramethylbenzidine (TMB) in the presence of H 2O2 and the protein
extract. Details of this procedure can be found in Gallatti and Pracht (1985). In brief, we
added 990 µL reaction buffer (1 mM TMB and 3 mM H 2O2 in a 0.2M citric acid buffer, pH4)
to 10 µL protein extract in a cuvette, and assessed the change in absorption at 370 nm over
one minute using a UviLine 9400 spectrophotometer (Schott Instruments, Mainz, Germany).
Reaction speeds were standardised by the amount of protein (mass) added to each reaction.
To test whether jasmonic acid increased peroxidase activity, we used a generalized
linear mixed-effects model (GLMM) implemented in the package lme4 (Bates et al., 2014) in
R (R Core Team, 2013) with RStudio 0.98.1103 (http://www.rstudio.org/). The response
variable, peroxidase activity, was log-transformed to improve normality of the data (Gaussian
error distribution). Mating system, cross type (cross vs. self) and spraying treatment (JA vs.
control) were included as fixed effects. Population (nested in mating system), mother (nested
in population), and date and daytime of measurement were included as random effects. To fit
our model, we used maximum likelihood (ML). Similar to the statistical analyses of our main
experiment, we initially built a complex model including all possible interactions of the fixed
effects. For estimating the coefficients of the fixed and the variance of the random terms, we
fitted the models using restricted maximum likelihood (REML; Zuur et al., 2013). Then, for
assessing significances of the fixed terms, we fitted the models using maximum likelihood
(ML), and compared models with and without each fixed term using likelihood-ratio tests
(LRTs; Zuur et al., 2013).
As expected, we found that jasmonic acid significantly increased peroxidase activity
in A. lyrata (χ2 = 4.02, P = 0.045). Plants treated with jasmonic acid showed significantly
higher peroxidase activities than plants sprayed with water. Mating system and cross type did
not explain variation in peroxidase activity (Table S3).
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Appendix C: conﬁrmation of defense induction
by jasmonic acid application
(continued)
Table S3. Likelihood-ratio test table for the effect of mating system, cross type and
jasmonic acid on peroxidase activity of the subset of 274 plants (two seedlings per
mother-crosstype combination) used to test whether jasmonic acid induced defense.
Chi-square test statistics (χ 2) and corresponding P-values (bold if < 0.05) are shown for
fixed effects and interactions. Variance estimates are shown for random effects
Explanatory variable

Peroxidase activity
2

fixed effect

χ =

P=

mating system

0.55

0.459

cross type

1.06

0.588

jasmonic acid

18.75

< 0.001

mating system : cross type

0.92

0.338

mating system : jasmonic acid

0.20

0.657

cross type : jasmonic acid

1.40

0.497

mating system : cross type : jasmonic acid

1.74

0.187

random effect

variance =

population

0.02

mother

0.07

day *

1.28

daytime

0.01

* For unknown reasons, peroxidase activity levels differed among days, but the increase
in peroxidase activity in JA treated plants was nevertheless consistent
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Appendix D: powdery mildew infestation
During our experiment, there was an (inadvertent) powdery mildew infestation after the
fourth week of experiment (Fig. S4), but not all plants were equally affected. To test whether
the degree of mildew infestation differed between mating system, cross type or treatment, we
used generalized linear mixed-effects models (GLMMs). We recorded fungal infestation as
yes/no (Fig. S4), and we used a binomial error distribution (Bernoulli) to fit our models using
maximum likelihood (ML). We selected as fixed effect: mating system, cross type, drought
treatment and jasmonic acid treatment. Moreover, we selected as random effect: population
(nested in mating system), mother (nested in population) and greenhouse compartment. To
test the significance of fixed effects, we followed the same protocol used in our main
analyses (see section Statistical analyses in Materials and methods).
We found that c. 59 % of the plants were infested with fungal spores. Mating system
did not explain variation in fungal infestation (58.6 + 8.2 % in outcrossing and 59.1 + 22.7 %
in selfing populations). However, outbred plants were less resistant to powdery mildew
infestation. Plants produced after crossing had in average c. 20 % higher infestation than
plants produced after selfing (64.7 + 15.5 % against 51.8 + 18 %; Table S4 below). Moreover,
plants treated with jasmonic acid had 13 % less infestation than plants sprayed with water (χ 2
= 7.89, P = 0.005). This suggests that plants defending against herbivores may also be more
resistant to fungal infestation, and therefore be less prone to be covered with fungal spores.
Table S4. Likelihood-ratio test table for the effect of mating system, cross type, jasmonic
acid, drought and their interactions on the powdery mildew infestation of A. lyrata
experimental plants. Significant effects are highlighted in bold (P < 0.05). Random
effects are represented by variance estimates
Explanatory variable

Fungal infestation

fixed effect
mating system
cross type
jasmonic acid
drought
mating system : cross type
mating system : jasmonic acid
mating system : drought
cross type : jasmonic acid
cross type : drought
jasmonic acid : drought
mating system : cross type : jasmonic acid
mating system : cross type : drought
mating system : jasmonic acid: drought
cross type : jasmonic acid: drought
mating system : cross type : jasmonic acid : drought
random effect
population
mother
greenhouse compartment
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2

χ =
0.02
16.77
7.89
1.83
0.36
0.01
2.52
0.25
2.17
0.27
0.02
0.03
1.41
2.68
1.13

P=
0.881
< 0.001
0.005
0.176
0.547
0.948
0.113
0.621
0.141
0.605
0.878
0.864
0.235
0.102
0.288
variance =
0.54
0.37
0.48

Appendix D: powdery mildew infestation
(continued)

Figure S7. Powdery mildew infestation of Arabidopsis lyrata plants at the eighth week of
experiment, shortly before biomass harvest. These pictures show experimental plants from two
outcrossing, A-B, and two selfing, C-D, populations randomly chosen to represent the infestation
patterns extremes recorded in our study. On the left side of the panel, plants are not visually
infested, whereas on the right side plants are clearly infested as they are entirely covered with
spores. Note that leaf surfaces of infested plants are whitish or pale green. (A) Inbred plant from
the PIN outcrossing population treated with jasmonic acid. (B) Inbred plant from the MAN
outcrossing population used in the control for drought and jasmonic acid. (C) Inbred plant from
the PTP selfing population used in the drought treatment. (D) Inbred plant from the LPT selfing
population used in the control for drought and jasmonic acid. Inflorescences were removed to
allow rosette top-view visualization. Except for plant C, all plants shown here were produced by
enforced selfing using CO2 treatment (for details see Study species and seed material in Methods
section). All pictures are in the same scale.
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Appendix E: inbreeding depression within stress treatments
Table S5. Inbreeding depression estimates (δ) in outcrossing (n = 6) and selﬁng (n = 5) populations of Arabidopsis lyrata for vegetative biomass,
ﬂowering, reproductive biomass, cumulative vegetative performance, for each of the four stress treatments (control, drought, jasmonic acid, and
drought with jasmonic acid, each shown on a separate page). Means and standard errors (se) are given for each mating system
Mating system

Population

Treatment

Vegetative
biomass (δ)

Flowering
(δ)

Reproductive
biomass (δ)

Cumulative vegetative
performance (δ)

Outcrossing

IND
MAN

control
control

0.341
0.394

0.333
-0.222

0.646
-0.007

0.289
0.409

PCR

control

0.515

0.400

0.069

0.520

PIN

control

0.051

0.000

-0.198

0.335

SBD

control

0.252

0.000

0.462

0.335

TSS

control

0.055

0.250

0.500

0.095

Mean δ outcrossing populations (se)
Selfing

0.27 (0.08)

0.13 (0.10)

0.25 (0.14)

0.33 (0.06)

LPT

control

0.129

-0.167

0.500

0.208

PTP

control

-0.070

-1.000

-1.000

0.010

Mating system
Outcrossing

Population

Treatment

Cumulative vegetative
performance (δ)

0.750
0.125

0.429
0.778

-0.173
0.516

-0.152
0.562

PCR

jasmonic acid

0.300

0.200

0.647

0.291

PIN

jasmonic acid

0.249

-0.500

-0.705

0.378

SBD

jasmonic acid

0.342

-0.100

0.563

0.409

TSS

jasmonic acid

0.362

0.667

0.818

0.390

0.28 (0.10)

0.19 (0.19)

0.42 (0.23)

0.30 (0.10)
0.024

129

control

0.246

0.000

0.145

0.345

LPT

jasmonic acid

-0.107

-1.000

-1.000

TC

control

0.208

-0.176

0.097

0.257

PTP

jasmonic acid

0.383

0.333

-0.659

0.460

TSSA

control

0.352

-0.217

-0.233

0.462

RON

jasmonic acid

0.019

-0.077

0.332

0.160

0.17 (0.07)

-0.31 (0.18)

-0.10 (0.25)

0.26 (0.08)

TC

jasmonic acid

0.321

0.167

0.103

0.363

TSSA

jasmonic acid

0.140

0.033

-0.781

0.278

0.15 (0.09)

-0.11 (0.23)

-0.40 (0.26)

0.26 (0.08)

Population

Treatment

Vegetative
biomass (δ)

Flowering

(δ)

Reproductive
biomass (δ)

Cumulative vegetative
performance (δ)

IND
MAN

drought
drought

0.206
0.464

0.667
0.500

0.467
0.395

0.200
0.392

PCR

drought

0.215

0.200

0.676

0.230

PIN

drought

-0.204

-0.286

-0.343

0.073

SBD

drought

0.285

0.111

0.557

0.304

TSS

drought

0.245

0.000

0.400

0.227

0.20 (0.09)

0.20 (0.14)

0.36 (0.15)

0.24 (0.04)

Mean δ outcrossing populations (se)
Selfing

Reproductive
biomass (δ)

jasmonic acid
jasmonic acid

Mean δ selfing populations (se)

Outcrossing

(δ)

RON

Mean δ selfing populations (se)

Mating system

Flowering

IND
MAN

Mean δ outcrossing populations (se)
Selfing

Vegetative
biomass (δ)

Mating system
Outcrossing

Population

Treatment

IND
MAN

drought & jasmonic acid
drought & jasmonic acid

Vegetative
biomass (δ)

Flowering

(δ)

Reproductive
biomass (δ)

Cumulative vegetative
performance (δ)

0.026
0.321

0.500
0.375

0.149
0.226

0.094
0.331

LPT

drought

-0.092

0.200

0.491

0.058

PCR

drought & jasmonic acid

0.278

-0.200

0.669

0.365

PTP

drought

0.205

-0.333

-0.956

0.290

PIN

drought & jasmonic acid

-0.025

-0.500

-0.640

0.280
0.549

RON

drought

0.144

0.200

0.391

0.246

SBD

drought & jasmonic acid

0.461

0.222

0.509

TC

drought

0.318

0.111

-0.037

0.360

TSSA

drought

TSS

drought & jasmonic acid

0.376

0.333

-0.901

0.391

0.24 (0.08)

0.12 (0.16)

0.00 (0.26)

0.34 (0.06)

Mean δ selfing populations (se)

0.290

-0.333

-0.548

0.431

0.17 (0.07)

-0.03 (0.12)

-0.13 (0.28)

0.28 (0.06)

Mean δ outcrossing populations (se)
Selfing

LPT

drought & jasmonic acid

0.273

0.400

0.822

0.353

PTP

drought & jasmonic acid

0.049

-1.000

-1.000

0.122

RON

drought & jasmonic acid

0.211

0.056

-0.057

0.303

TC

drought & jasmonic acid

0.232

0.111

0.149

0.280

TSSA

drought & jasmonic acid

Mean δ selfing populations (se)

0.324

0.300

-0.131

0.465

0.22 (0.05)

-0.03 (0.25)

-0.04 (0.29)

0.31 (0.06)

Appendix F: information on populations and on samples used in the study
( tm ) genetic cluster, geographic origin, coordinates and sample sizes (i.e. the number of
Table ESM 1. Multi-locus outcrossing rate (Tm),

seeds) of populations of Arabidopsis lyrata used in the study. Mating system classiﬁcation follows Foxe et al. (2010) and within
mating system, populations are sorted by outcrossing rate. For each population, number of seeds sown (each seed originated from
diﬀerent seed families, divided over two batches), and the number of plants per batch that successfully grew, and were used for
morphometric measurements and for Pollen/ovule estimations (separately shown)

Mating
system

Population
b
abbreviation a ((Ttm
m))

Genetic
cluster c

Outcrossing

IND (0.99)

yellowblue
blue

Geographic origin

Coordinates

Seeds sown
(batch 1 + batch 2)

Plants used for
morphometrics
(batch 1 + batch 2)
9 + 14

Plants used for
pollen/ovule counts
(batch 1 + batch 2)
7 + 14
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Indiana Dunes National Lake
41° 37’ 17’’ N
9 + 15
Shore, Lake Michigan
87° 12’ 44’’ W
PCR (0.98)
Port Crescent State Park, Lake 44° 00’ 15’’ N
11 + 13
11 + 12
11 + 12
Huron
83° 04’ 26’’ W
SBD (0.94)
yellow
Sleeping Bear Dunes National
44° 56’ 20’’ N
6+7
6+7
5+7
Lake Shore, Lake Michigan
85° 52’ 13’’ W
TSS (0.91)
pink
Tobermory Singing Sands,
45° 11’ 33’’ N
9+7
7+5
4+4
BPNP, Lake Huron
81° 35’ 02’’ W
PIN (0.84)
blue
Pinery Provincial Park, Lake
43° 16’ 08’’ N
10 + 10
10 + 10
10 + 10
Huron
81° 49’ 53’’ W
MAN (0.83)
blue-pink Providence Bay, Manitoulin
45° 39’ 54’’ N
12 + 9
12 + 9
11 + 9
Island
82° 15’ 52’’ W
Selfing
TSSA (0.41)
pink
Tobermory Singing Sands
45° 11’ 27’’ N
8+6
7+6
7+6
Alvar, BPNP, Lake Huron
81° 35’ 26’’ W
KTT (0.31)
orange
Kitty Todd State Nature
41° 37’ 14’’ N
2+4
2+4
1+1
Preserve
83° 47’ 15’’ W
RON (0.28)
blue
Rondeau Provincial Park, Lake 42° 15’ 41’’ N
10 + 12
10 + 12
10 + 12
Erie
81° 50’ 47’’ W
TC (0.18)
pink
Tobermory Cliffs, Georgian
45° 14’ 30’’ N
9+6
8+5
7+5
Bay
81° 31’ 03’’ W
LPT (0.13)
purple
Long Point Provincial Park,
42° 34’ 47’’ N
2+6
2+6
2+6
Lake Erie
80° 23’ 15’’ W
PTP (0.09)
blue
Point Pelee National Park,
41° 55’ 40’’ N
3+4
3+4
3+4
Lake Erie
82° 30’ 51’’ W
a
Names are based on the original descriptions of the populations (Mable et al. 2005).
b
Outcrossing rates were previously estimated using microsatellite genotyping of progeny arrays (Foxe et al. 2010).
c
Population genetic clusters based on nuclear gene sequences and microsatellite markers are coded as colors, which were extracted from Fig. 1 in Foxe et al. (2010).
Griffin and Willi (2014) divided a broader sampling of populations in a western and eastern cluster. All populations used in our study belong to the western cluster,
although the LPT population was identified as west-east admixed.

Appendix G: geometric morphometric analysis of
petal shape in Arabidopsis lyrata
To analyse the flower shape in our study we first converted each picture (see example pictures in
Fig. ESM 2.1 below) into a binary contrast by using a threshold filter set to min. 40 and max. 255
cut-offs. When automated measurement failed to select the corolla, we manually set the
threshold. We then selected the region of interest (corolla) and used the “Measure” function to
estimate flower area and perimeter in number of pixels. Further, we measured area and perimeter
of the scale to be able to convert the pixel measurements into mm 2 and mm, respectively. Along
with centroid size (see next paragraph), corolla area was our main estimate of flower size. We
used the perimeter to calculate the dissection index as an estimate of shape:

D=P ÷ √ A ,

where D is dissection index, P is perimeter and A is area of the petal.

Figure ESM 2.1: Example pictures used to acquire landmarks. (a) Standardized photograph showing flower in
frontal view and millimetric paper scale. Note that both flower and scale lay on black agar. (b) Standardized
photograph showing dissected flower in side view and millimetric paper scale. Note that the frontal pair on long
anthers was removed, and that the flower is fixed to a capillary tube while the scale was placed at the same level as
the flower (example flower belongs to outcrossing population IND).

On the same pictures used to estimate corolla area, we placed 30 landmarks using
tpsDIG2 2.16 (http://life.bio.sunysb.edu/morph/), which corresponded to those used in another
Brassicaceae, Erysimum mediohispanicum, by Gómez et al. (2006). Twenty-six of these were true
landmarks (developmentally homologous points), and four were pseudo-landmarks (Zelditch et
al. 2012). Of the true landmarks, four were on the midrib (3, 8, 13 and 18; Fig. ESM 2.2.a), six on
each of the anther tips (25, 26, 27, 28, 29 and 30), and 16 on branching points of secondary veins
(1, 2, 4, 5, 6, 7, 9, 10, 11, 12, 14, 15, 16, 17, 19 and 20). For the latter, landmarks were either
1
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Appendix G: geometric morphometric analysis of
petal shape in Arabidopsis lyrata
(continued)

placed by extending the secondary vein to the petal edge, or – when there was a further
ramification – in between the endpoints of tertiary veins. The pseudo-landmarks were all on petal
intersections (21, 22, 23 and 24), and were required to capture variation in the anterior portion of
the petals, between the blade and the claw. As an alternative measure of flower size (besides
corolla area, see previous paragraph), we used all landmarks to extract the centroid size (i.e.
geometric scale), calculated as the square root of the sum of the squared distances from each
landmark to the geometric centre of the landmark configuration (Claude 2008).
We placed landmarks at the bases of the short stamens (1 and 3) and the pistil (2), at the
tips of short- (4 and 8) and long-stamen (5 and 7) anthers, and at the tip of the stigma (6) (Fig.
ESM 2.2.b). To measure short- and long-stamen herkogamy, we respectively calculated the mean
distance (d) of short-stamen anthers to the stigma, (d L4 : L 6 +d L 8 : L6 )÷ 2 , and the mean distance
of long-stamen anthers to the stigma, (d L5 : L6 +d L7 : L 6)÷ 2 , where L stands for landmark. To
measure pistil length, we calculated the distance between the stigma and the gynophore (pistil
base): d L 2 : L6 . Finally, we measured the stamen length as the mean distance between the anther
(d L2 : L4 + d L 2: L 8)÷ 2 , and for long stamens,
tip to the gynophore for short stamens,
(d L2 : L5 +d L2 : L7 )÷ 2 .
Figure ESM 2.2: Example photographs of
Arabidopsis lyrata flowers used in morphometric
and landmark-based analyses. (a) Front-view picture
used to measure the corolla area, corolla perimeter,
dissection index and flower shape. The flower can be
visualized as a disymmetric object, in which the topbottom or left-right halves are drawn from two
perpendicular symmetry axes (dashed grey lines). (b)
Side-view picture of a dissected flower used to
estimate pistil length, stamen lengths and herkogamy
levels. Numbered dots indicate the landmarks used in
the geometric-morphometric analyses. Millimetric
paper scale is shown below each picture.

References:
Claude J (2008) Morphometrics with R. Springer Science & Business Media, New York
Gómez JM, Perfectti F, Camacho JPM (2006) Natural selection on Erysimum mediohispanicum
flower shape: insights into the evolution of zygomorphy. Am Nat 168:531-545. doi:
10.1086/507048
Zelditch ML, Swiderski DL, Sheets HD (2012) Geometric morphometrics for biologists: a
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Appendix H: Tukey tests for all comparisons among
genetic clusters in GLMMs
Contrast: corolla area

Contrast: corolla dissection index

Fit: lmer(log(area) ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))
Linear hypotheses:
yellow – yellow-blue = 0
yellow – blue = 0
yellow – blue-pink = 0
yellow – pink = 0
yellow – purple = 0

Std. error

Z value

P value

0.132

2.530

0.137

–0.021

0.112

–0.185

1.000

0.235

0.132

1.782

0.536

0.339

0.122

2.773

0.074

–0.088

0.161

–0.548

0.998

0.320

0.169

1.892

0.461

–0.353

0.107

–3.318

0.014

yellow-blue – blue-pink = 0

–0.098

0.127

–0.770

0.986

0.006

0.117

0.054

1.000

yellow-blue – purple = 0

–0.421

0.157

–2.676

0.095

yellow-blue – orange = 0

–0.013

0.165

–0.077

0.256

0.107

2.391

0.187

blue – pink = 0

0.360

0.075

4.814

< 0.001

blue – purple = 0

–0.068

0.123

–0.551

0.998

blue – orange = 0

0.341

0.133

2.564

0.126

blue-pink – pink = 0

0.104

0.117

0.887

0.971

–0.323

0.158

–2.050

0.360

0.085

0.166

0.513

0.998

pink – purple = 0

–0.427

0.123

–3.485

0.008

pink – orange = 0

–0.019

0.132

–0.144

1.000

0.408

0.159

2.574

0.123

blue-pink – orange = 0

purple – orange = 0

yellow – blue = 0
.

*

***

Estimate

Std. error

Z value

P value

2.056

0.554

0.998

yellow – blue = 0

0.141

1.738

0.081

1.000

4.303

1.836

2.343

0.208

5.443

1.876

2.901

0.052

yellow – purple = 0

–3.389

2.427

–1.397

0.788

yellow – orange = 0

3.386

2.477

1.367

0.804

–0.998

1.695

–0.589

0.997

yellow-blue – blue-pink = 0

1.017

2.023

0.503

0.999

yellow-blue – pink = 0

2.156

2.059

1.047

0.936

yellow-blue – purple = 0

–4.529

2.396

–1.890

0.464

yellow-blue – orange = 0

2.247

2.448

0.918

0.966

blue – blue-pink = 0

2.015

1.698

1.187

0.889

blue – pink = 0

5.301

1.149

4.612

< 0.001

blue – purple = 0

–3.531

1.814

–1.946

0.427

blue – orange = 0

3.245

1.881

1.725

0.576

3.286

0.534

blue-pink – pink = 0

1.839

1.787

blue-pink – purple = 0

–5.546

2.400

–2.311

0.222

blue-pink – orange = 0

1.230

2.450

0.502

0.999

pink – purple = 0

–8.832

1.810

–4.879

< 0.001

pink – orange = 0

–2.056

1.874

–1.097

0.921

6.776

2.245

3.018

0.037

purple – orange = 0

P value

–1.226

0.870

0.027

0.376

1.000

0.051

0.031

1.660

0.615

0.023

0.030

0.764

0.986

0.042

–3.106

yellow – orange = 0

–0.057

0.047

–1.221

0.872

0.048

0.023

2.048

0.357

yellow-blue – blue = 0

0.028

0.089

0.028

3.207

0.020

0.061

0.027

2.257

0.243

yellow-blue – purple = 0

–0.092

0.040

–2.333

0.208

yellow-blue – orange = 0

–0.019

0.044

–0.428

yellow-blue – pink = 0

.

***

***
*

0.041

0.024

1.745

0.557

blue – pink = 0

0.013

0.018

0.709

0.991
< 0.001

blue – purple = 0

–0.140

0.033

–4.238

blue – orange = 0

–0.067

0.039

–1.727

0.569

blue-pink – pink = 0

–0.028

0.027

–1.043

0.936
< 0.001

–0.182

0.040

–4.569

blue-pink – orange = 0

–0.108

0.045

–2.427

0.169

pink – purple = 0

–0.153

0.033

–4.617

< 0.001

pink – orange = 0

–0.080

0.039

–2.056

0.352

0.073

0.047

1.577

0.671

Estimate

Std. error

Z value

Linear hypotheses:

Estimate

Std. error

Z value

P value

yellow – yellow-blue = 0

0.008

0.061

0.129

1.000

yellow – blue = 0

0.072

0.052

1.382

0.795

yellow – blue-pink = 0

0.010

0.055

0.186

1.000

yellow – pink = 0

0.018

0.057

0.316

1.000

yellow – purple = 0

0.183

0.075

2.449

0.165

yellow – orange = 0

0.030

0.078

0.389

1.000

yellow-blue – blue = 0

0.064

0.050

1.295

0.841

yellow-blue – blue-pink = 0

0.025

0.059

0.418

1.000

yellow-blue – pink = 0

0.033

0.061

0.532

yellow-blue – purple = 0

0.175

0.073

2.400

0.184

yellow-blue – orange = 0

0.023

0.077

0.294

1.000

blue – blue-pink = 0

–0.040

blue – pink = 0

0.050

–0.796

–0.054

0.035

–1.553

0.691

blue – purple = 0

0.111

0.057

1.952

0.422

blue – orange = 0

–0.042

blue-pink – pink = 0

0.061

–0.683

–0.015

0.055

–0.267

1.000

blue-pink – purple = 0

0.151

0.073

2.057

0.356

blue-pink – orange = 0

–0.002

0.077

–0.029

1.000

pink – purple = 0

0.165

0.057

2.915

0.050

pink – orange = 0

0.012

0.061

0.203

1.000

–0.153

0.073

–2.093

0.335

purple – orange = 0

P value

Significance

Estimate

Std. error

Z value

P value

yellow – yellow-blue = 0

yellow – blue = 0

–0.051

0.043

–1.186

0.886

yellow – blue = 0

yellow – blue-pink = 0

–0.022

0.043

–0.514

0.998

yellow – blue-pink = 0

–0.079

0.043

–1.839

0.490

yellow – pink = 0

–0.041

0.048

–0.844

0.977

yellow – pink = 0

–0.061

0.049

–1.243

0.861

yellow – purple = 0

–0.161

0.066

–2.431

0.168

yellow – purple = 0

–0.038

0.068

–0.556

0.998

yellow – orange = 0

–0.017

0.075

–0.227

1.000

yellow – orange = 0

–0.117

0.078

–1.503

0.717

yellow-blue – blue = 0

–0.032

0.036

–0.880

0.972

yellow-blue – blue = 0

–0.074

0.036

–2.062

0.346

yellow-blue – blue-pink = 0

–0.004

0.043

–0.084

1.000

yellow-blue – blue-pink = 0

yellow-blue – pink = 0

–0.023

0.048

–0.465

0.999

yellow-blue – pink = 0

–0.050

0.049

–1.026

0.940

yellow-blue – purple = 0

–0.142

0.062

–2.286

0.228

yellow-blue – purple = 0

–0.055

0.064

–0.872

0.973

yellow-blue – orange = 0

0.002

0.072

0.026

1.000

yellow-blue – orange = 0

–0.135

0.074

–1.821

0.502

0.018

0.049

0.357

1.000

–0.057

0.044

–1.305

0.831

–0.068

0.043

–1.594

0.028

0.036

0.786

0.984

blue – blue-pink = 0

0.036

0.182

0.010

0.029

0.345

1.000

blue – pink = 0

–0.005

0.029

–0.155

1.000

–0.110

0.052

–2.113

0.317

blue – purple = 0

0.019

0.054

0.354

1.000

blue – orange = 0

0.034

0.063

0.533

0.998

blue – orange = 0

–0.060

0.066

–0.914

0.007

0.966

–0.018

0.042

–0.432

0.999

blue-pink – pink = 0

–0.011

0.043

–0.259

1.000

blue-pink – purple = 0

–0.139

0.062

–2.233

0.254

blue-pink – purple = 0

0.013

0.064

0.197

1.000

blue-pink – orange = 0

0.005

0.071

0.076

1.000

blue-pink – orange = 0

–0.067

0.074

–0.901

0.968

pink – purple = 0

–0.120

0.052

–2.294

0.225

pink – purple = 0

0.024

0.054

0.434

0.999

pink – orange = 0

0.024

0.063

0.375

1.000

pink – orange = 0

–0.055

0.066

–0.842

0.977

purple – orange = 0

0.144

0.075

1.917

0.439

purple – orange = 0

–0.079

0.078

–1.010

0.944

Contrast: corolla shape, monosymmetric with left–right variation (PC 3)

Contrast: short–stamen/stigma herkogamy

Fit: lmer(component3 ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))
Z value

P value

Significance

Fit: lmer(sqrt(short_absolute_herk) ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))
Linear hypotheses:

Estimate

Std. error

Z value

P value

0.008

0.058

0.142

1.000

yellow – yellow-blue = 0

0.018

0.087

0.203

1.000

–0.062

0.050

–1.232

0.868

yellow – blue = 0

0.005

0.075

0.065

1.000

yellow – blue-pink = 0

–0.023

0.051

–0.455

0.999

yellow – blue-pink = 0

yellow – pink = 0

–0.015

0.056

–0.265

1.000

yellow – pink = 0

yellow – purple = 0

–0.046

0.076

–0.610

0.996

yellow – purple = 0

yellow-blue – blue = 0

0.022

0.085

0.263

1.000

yellow – orange = 0

–0.070

0.044

–1.589

0.664

yellow-blue – blue = 0

0.006

0.052

0.020

0.088

0.229

1.000

0.044

0.081

0.537

0.998

–0.046

0.107

–0.433

0.999

0.180

0.113

1.588

0.668

–0.013

0.071

–0.183

1.000

0.002

0.084

0.123

1.000

yellow-blue – blue-pink = 0

0.027

1.000

0.015

0.057

0.254

1.000

yellow-blue – pink = 0

0.026

0.078

0.334

1.000

yellow-blue – purple = 0

–0.055

0.072

–0.756

0.987

yellow-blue – purple = 0

–0.064

0.104

–0.615

yellow-blue – orange = 0

0.014

0.081

0.174

1.000

yellow-blue – orange = 0

0.162

0.111

1.466

0.746

blue – blue-pink = 0

0.077

0.044

1.744

0.558

blue – blue-pink = 0

0.015

0.071

0.215

1.000

blue – pink = 0

0.047

0.034

1.384

0.791

blue – pink = 0

0.039

0.050

0.783

0.985

blue – purple = 0

0.015

0.060

0.260

1.000

blue – purple = 0

–0.051

0.081

–0.630

0.995

blue – orange = 0

0.084

0.070

1.200

0.881

blue – orange = 0

0.175

0.089

1.960

0.416

–0.030

0.051

–0.583

0.997

blue-pink – pink = 0

0.024

0.078

0.304

1.000

yellow-blue – blue-pink = 0
yellow-blue – pink = 0

blue-pink – pink = 0
blue-pink – purple = 0
blue-pink – orange = 0
pink – purple = 0
pink – orange = 0
purple – orange = 0

Significance

1.000

blue-pink – pink = 0

Std. error

.

0.658

blue – purple = 0

Estimate

Significance

Fit: lmer(component5 ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))
Linear hypotheses:

1.000

yellow – orange = 0

***

0.993

–0.389

yellow – blue = 0

***

0.983

0.049

Linear hypotheses:

***

0.998

–0.019

yellow – yellow-blue = 0

*

0.999

blue – blue-pink = 0

yellow – yellow-blue = 0

blue – pink = 0

*

Contrast: corolla shape, asymmetric variation (PC 6)

Fit: lmer(component2 ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))

blue – blue-pink = 0

Significance

Fit: lmer(component1 ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))

Contrast: corolla shape, monosymmetric with top–bottom variation (PC 2)

Linear hypotheses:

Z value

0.031

0.010

–0.130

purple – orange = 0

Significance

1.139

yellow-blue – blue = 0

Std. error

–0.038

Contrast: corolla shape, dissymmetric variation (PC 1)

yellow – yellow-blue = 0

yellow – pink = 0

Estimate

yellow – purple = 0

yellow – pink = 0

blue-pink – purple = 0
**

Fit: lmer(centroid.size ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))

yellow – blue-pink = 0

yellow – blue-pink = 0

yellow-blue – blue-pink = 0
.

Contrast: centroid size

Linear hypotheses:

Linear hypotheses:
yellow – yellow-blue = 0

1.000

blue – blue-pink = 0

blue-pink – purple = 0

Fit: lmer(log(dissection.index) ~ mating.system + genetic.cluster + (1| population) + (1| plant))
Significance

0.333

yellow-blue – blue = 0
yellow-blue – pink = 0

models (GLMMs) of ﬂoral-trait measurements in Arabidopsis lyrata

clusters – yellow, yellow-blue, blue, blue-pink, pink, purple and orange – in general linear mixed-eﬀects

Post hoc Tukey tests for multiple comparisons evaluating speciﬁc contrasts between population genetic

yellow – orange = 0

Estimate

–0.061

0.072

–0.846

0.977

blue-pink – purple = 0

0.008

0.081

0.095

1.000

blue-pink – orange = 0

–0.032

0.060

–0.529

0.998

pink – purple = 0

0.037

0.070

0.531

0.998

pink – orange = 0

0.069

0.083

0.825

0.980

purple – orange = 0

133

0.996

–0.066

0.104

–0.636

0.995

0.160

0.111

1.444

0.759

–0.090

0.081

–1.114

0.915

0.136

0.089

1.531

0.705

0.226

0.106

2.137

0.310

Significance

Appendix H: Tukey tests for all comparisons among
genetic clusters in GLMMs (continued)

Contrast: long–stamen/stigma herkogamy

Contrast: long–stamen length

Fit: lmer(sqrt(long_absolute_herk) ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))
Linear hypotheses:

Estimate

Std. error

Z value

P value

Fit: lmer(sqrt(long_relatitobase_herk) ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))

Significance

yellow – yellow-blue = 0

0.009

0.030

0.280

1.000

Linear hypotheses:

yellow – blue = 0

0.031

0.027

1.150

0.900

yellow – yellow-blue = 0

yellow – blue-pink = 0

0.005

0.030

0.177

1.000

yellow – blue = 0

yellow – pink = 0

–0.003

0.030

–0.086

1.000

yellow – blue-pink = 0

yellow – purple = 0

–0.039

0.042

–0.926

0.963

yellow – pink = 0

yellow – orange = 0

0.034

0.049

0.689

0.992

yellow – purple = 0

yellow-blue – blue = 0

0.023

0.022

1.015

0.943

yellow – orange = 0

yellow-blue – blue-pink = 0

–0.003

0.026

–0.118

1.000

yellow-blue – blue = 0

yellow-blue – pink = 0

–0.011

0.026

–0.424

0.999

yellow-blue – purple = 0

–0.048

0.040

–1.208

0.877

0.025

0.047

0.544

yellow-blue – orange = 0

Estimate

Std. error

Z value

P value

0.023

0.047

0.486

0.999

–0.023

0.040

–0.565

0.997

0.055

0.047

1.166

0.896

0.090

0.044

2.041

0.365

–0.081

0.058

–1.382

0.794
0.994

0.041

0.063

0.650

–0.046

0.038

–1.209

0.879

yellow-blue – blue-pink = 0

0.032

0.045

0.714

0.991

yellow-blue – pink = 0

0.067

0.042

1.608

0.654

0.998

yellow-blue – purple = 0

–0.103

0.057

–1.829

0.503

blue – blue-pink = 0

–0.026

0.022

–1.149

0.900

yellow-blue – orange = 0

0.018

0.061

0.292

1.000

blue – pink = 0

–0.034

0.018

–1.863

0.472

blue – blue-pink = 0

0.078

0.038

2.054

0.357

blue – purple = 0

–0.070

0.034

–2.086

0.331

blue – pink = 0

0.113

0.027

4.196

< 0.001

0.003

0.042

0.070

1.000

blue – purple = 0

–0.058

0.045

–1.299

0.838

–0.008

0.026

–0.305

1.000

blue – orange = 0

0.063

0.050

1.270

0.852

0.839

0.978

blue – orange = 0
blue-pink – pink = 0
blue-pink – purple = 0
blue-pink – orange = 0
pink – purple = 0
pink – orange = 0
purple – orange = 0

–0.045

0.040

–1.127

0.908

blue-pink – pink = 0

0.035

0.042

0.029

0.047

0.609

0.996

blue-pink – purple = 0

–0.136

0.057

–2.393

0.185

–0.037

0.034

–1.083

0.923

blue-pink – orange = 0

–0.014

0.061

–0.233

1.000

0.037

0.042

0.869

0.973

pink – purple = 0

–0.171

0.044

–3.847

0.002

0.073

0.050

1.470

0.737

pink – orange = 0

–0.049

0.050

–0.990

0.951

0.121

0.059

2.051

0.359

purple – orange = 0

Contrast: short–stamen length

Estimate

yellow – yellow-blue = 0

–0.017

yellow – blue = 0
yellow – blue-pink = 0
yellow – pink = 0

Std. error

Z value

P value

0.043

–0.387

–0.043

0.037

0.028

0.043

1.000

Linear hypotheses:

–1.185

0.889

yellow – yellow-blue = 0

0.657

0.994

yellow – blue = 0

0.058

0.040

1.443

0.759

yellow – blue-pink = 0

–0.140

0.054

–2.609

0.112

yellow – pink = 0

yellow – orange = 0

–0.075

0.059

–1.272

0.851

yellow – purple = 0

yellow-blue – blue = 0

–0.027

0.034

–0.795

0.983

yellow – orange = 0

0.045

0.040

1.105

0.918

yellow-blue – blue = 0

yellow-blue – pink = 0

Estimate

Std. error

Z value

P value

0.013

0.306

0.042

1.000

–0.053

0.261

–0.203

1.000

0.123

0.306

0.403

1.000

0.438

0.285

1.537

0.701

–0.424

0.375

–1.128

0.911
0.997

0.230

0.399

0.576

–0.066

0.246

–0.267

1.000

0.075

0.038

1.975

0.405

yellow-blue – blue-pink = 0

0.111

0.294

0.376

1.000

yellow-blue – purple = 0

–0.124

0.052

–2.385

0.188

yellow-blue – pink = 0

0.425

0.271

1.567

0.682

yellow-blue – orange = 0

–0.058

0.057

–1.020

0.943

yellow-blue – purple = 0

–0.436

0.365

–1.194

0.885

yellow-blue – orange = 0

0.217

0.390

0.557

0.998

blue – blue-pink = 0

0.176

0.247

0.714

0.991

0.491

0.174

2.824

0.285

–1.298

0.839

0.316

0.895

0.970
0.900

blue – blue-pink = 0

0.071

0.034

2.106

0.326

blue – pink = 0

0.102

0.025

4.143

< 0.001

blue – purple = 0

–0.097

0.041

–2.341

0.206

blue – pink = 0

blue – orange = 0

–0.031

0.048

–0.655

0.994

blue – purple = 0

–0.371

0.030

0.038

0.796

0.983

blue – orange = 0

0.283
0.315

blue-pink – pink = 0
blue-pink – purple = 0

–0.168

0.052

–3.240

blue-pink – orange = 0

–0.103

0.057

–1.801

0.521

pink – purple = 0

–0.199

0.041

–4.815

< 0.001

pink – orange = 0

–0.133

0.047

–2.802

0.068

0.066

0.056

1.171

0.894

purple – orange = 0

***

0.018

*

blue-pink – pink = 0

***
.

Contrast: pollen grain size

0.272

1.158

–0.547

0.366

–1.496

0.727

blue-pink – orange = 0

0.107

0.390

0.273

1.000

pink – purple = 0

–0.862

0.284

–3.033

0.035

pink – orange = 0

–0.208

0.315

–0.662

0.994

0.653

0.374

1.745

0.560

Std. error

Z value

P value

–7.839

21.575

–0.363

1.000

Linear hypotheses:

yellow – blue = 0

–4.981

18.164

–0.274

1.000

yellow – yellow-blue = 0

4.439

2.768

1.604

0.649

2.236

21.543

0.104

1.000

yellow – blue = 0

2.849

2.386

1.194

0.882

yellow – pink = 0

Estimate

Std. error

Z value

P value

19.709

–0.319

1.000

yellow – blue-pink = 0

–1.661

2.768

–0.600

yellow – purple = 0

–28.466

25.604

–1.112

0.916

yellow – pink = 0

–3.467

2.683

–1.292

0.837

yellow – orange = 0

9.435

29.837

0.316

1.000

yellow – purple = 0

6.959

3.574

1.947

0.416

yellow-blue – blue = 0

2.858

17.882

0.160

1.000

yellow – orange = 0

2.062

5.103

0.404

1.000

10.075

21.308

0.473

0.999

yellow-blue – blue = 0

–1.590

2.178

–0.730

0.989

1.542

19.450

0.079

1.000

yellow-blue – blue-pink = 0

–6.099

2.588

–2.357

yellow-blue – purple = 0

–20.626

25.402

–0.812

0.981

yellow-blue – pink = 0

–7.906

2.501

–3.162

0.023

yellow-blue – orange = 0

17.274

29.669

0.582

0.997

yellow-blue – purple = 0

2.521

3.440

0.733

0.989

7.217

17.846

0.404

1.000

yellow-blue – orange = 0

–2.377

5.011

–0.474

0.999

–6.297

yellow-blue – blue-pink = 0
yellow-blue – pink = 0

blue – blue-pink = 0
blue – pink = 0

12.118

–0.109

1.000

blue – blue-pink = 0

–4.510

2.178

–2.070

–23.485

19.250

–1.220

0.874

blue – pink = 0

–6.316

1.638

–3.856

0.002

14.416

24.601

0.586

0.997

blue – purple = 0

4.110

2.778

1.479

0.730

blue-pink – pink = 0

–8.533

19.417

–0.439

0.999

blue – orange = 0

–0.787

4.576

–0.172

1.000

–1.807

2.503

–0.722

0.990

8.620

3.449

2.500

0.141

blue-pink – purple = 0

–30.702

25.384

–1.210

0.879

blue-pink – pink = 0

blue-pink – orange = 0

7.199

29.641

0.243

1.000

blue-pink – purple = 0

19.193

–1.155

–22.169

0.900

blue-pink – orange = 0

pink – orange = 0

15.732

24.545

0.641

0.995

pink – purple = 0

10.427

2.780

3.750

0.003

purple – orange = 0

37.901

27.914

1.358

0.807

pink – orange = 0

5.529

4.570

1.210

0.875

–4.897

5.020

–0.976

0.952

purple – orange = 0

Contrast: pollen number

Estimate
10834.900

Std. error
5584.600

Z value

P value
0.408

Linear hypotheses:

3388.800

4851.300

0.699

0.991

yellow – yellow-blue = 0

yellow – blue-pink = 0

6699.000

5493.400

1.219

0.865

yellow – blue = 0

11581.000

0.988

Estimate

Std. error

Z value

P value

240.880

202.310

1.191

0.877

67.720

175.540

0.386

1.000

5694.900

2.034

0.350

yellow – blue-pink = 0

362.740

198.870

1.824

0.486

yellow – purple = 0

–11240.000

8436.000

–1.332

0.808

yellow – pink = 0

524.980

205.990

2.549

0.119

yellow – orange = 0

2147.900

15442.500

0.139

1.000

yellow – purple = 0

yellow-blue – blue = 0

–7446.100

4175.800

–1.783

0.514

yellow – orange = 0

yellow-blue – blue-pink = 0

–4135.900

4907.000

–0.843

0.975

yellow-blue – blue = 0

yellow-blue – pink = 0

746.100

5134.400

0.145

1.000

yellow-blue – purple = 0

–22074.800

8060.800

–2.739

0.074

yellow-blue – orange = 0

–8687.000

15249.100

–0.570

0.997

blue – blue-pink = 0

3310.200

4053.500

0.817

0.979

blue – pink = 0

8192.200

3487.800

2.349

0.189

blue – blue-pink = 0

0.321

blue – purple = 0

–14628.800

7025.200

–2.082

blue – orange = 0

–1240.900

14717.000

–0.084

1.000

4882.000

5040.800

0.969

0.951

–17938.900

8013.800

–2.239

0.239

blue-pink – pink = 0
blue-pink – purple = 0
blue-pink – orange = 0

–4551.100

15205.000

–0.299

1.000

pink – purple = 0

–22821.000

7064.800

–3.230

0.017

pink – orange = 0

–9433.100

14724.000

–0.641

0.994

purple – orange = 0

13387.900

15859.800

0.844

0.975

**

Fit: lmer(po.ratio ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))

Significance

1.940

yellow – blue = 0
yellow – pink = 0

0.743

**

Contrast: P/O ratio

Fit: lmer(pollen ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))
Linear hypotheses:

5.008

*

0.340

pink – purple = 0

3.723

Significance

0.194

blue – orange = 0

yellow – yellow-blue = 0

*

0.996

blue – purple = 0

–1.316

.

Fit: lmer(ovule ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))

Significance

yellow – yellow-blue = 0
yellow – blue-pink = 0

Significance

Contrast: ovule number

Fit: lmer(pollen_size ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))
Estimate

0.065

blue-pink – purple = 0

purple – orange = 0

Linear hypotheses:

**

Fit: lmer(style_length ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))

Significance

yellow – purple = 0

yellow-blue – blue-pink = 0

***

Contrast: pistil length

Fit: lmer(sqrt(short_relativetobase_herk) ~ mating.system + genetic.cluster + (1| population) + (1| plant) + (1| tray))
Linear hypotheses:

Significance

yellow-blue – blue-pink = 0
.

0.290

560.830

0.096

1.000

151.110

305.500

–1.146

0.896

121.850

177.710

0.686

0.992

284.100

185.780

1.529

0.688

–893.740

291.840

–3.062

yellow-blue – orange = 0

–187.040

554.040

–0.338

1.000

295.020

146.540

2.013

0.362

blue – pink = 0

457.270

126.080

3.627

0.004

**

blue – purple = 0

–720.580

254.730

–2.829

0.057

.

blue – orange = 0

–13.870

534.790

–0.026

1.000

0.890

0.968

blue-pink – pink = 0

0.029

162.250

182.390

blue-pink – purple = 0

–1015.590

290.360

–3.498

blue-pink – orange = 0

–308.890

552.140

–0.559

0.997

pink – purple = 0

–1177.840

256.230

–4.597

< 0.001

pink – orange = 0

–471.140

534.840

–0.881

0.969

706.700

576.140

1.227

0.861

purple – orange = 0

134

–2.137

53.850
–173.160

yellow-blue – purple = 0

yellow-blue – pink = 0

*

–652.860

Significance

0.007

*

**
***
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4.26
0.57
4.85
9.23
11.97
13.28
2.89
4.45
5.08
11.64
12.90

Corolla shape, dissymmetric variation (PC 1)

Corolla shape, monosymmetric: top-bottom variation (PC 2)

Corolla shape, monosymmetric: left-right variation (PC 3)

Pistil length, (mm)

Short-stamen length, sqrt(mm)

Long-stamen length, sqrt(mm)

Short-stamen herkogamy, sqrt(mm)

Long-stamen herkogamy, sqrt(mm)

Pollen number

Ovule number

P/O ratio, sqrt()

Pollen size, (µm )

1.09

0.59

Dissection index, loge()

2

14.17

18.36

Corolla perimeter, sqrt(mm)

15.86

0.780

0.002

0.003

0.079

0.217

0.409

0.004

0.008

0.026

0.183

0.903

0.235

0.746

< 0.001

< 0.001

< 0.001

1.00

11.24

8.16

3.77

0.58

2.42

2.64

0.21

5.26

4.36

0.43

2.08

0.36

3.46

5.48

4.64

0.606

0.004

0.017

0.152

0.747

0.298

0.268

0.899

0.072

0.113

0.806

0.354

0.837

0.178

0.065

0.098

0.94

0.02

0.91

0.16

0.33

1.28

1.41

0.00

0.47

0.60

0.42

1.04

0.28

2.20

1.27

2.61

0.332

0.892

0.339

0.690

0.565

0.257

0.236

0.999

0.492

0.807

0.518

0.308

0.585

0.138

0.260

0.106

24 x 10

< 0.001

2.835

< 0.001

< 0.001

0.003

0.001

0.001

0.045

0.002

< 0.001

0.002

< 0.001

0.026

1.040

0.007

Population

33.63

1.195

13.94

2.667

0.925

52 x 105

32 x 106
19.234

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.001

< 0.001

0.010

0.181

< 0.001

Tray

0.005

0.014

0.005

0.005

0.179

0.001

< 0.001

0.002

0.004

0.064

3.013

0.021

Plant

Variance estimates

Centroid size

2

Random effects
Interaction
(d.f. = 1)
χ2
P

Population genetic cluster
(d.f. = 1)
χ2
P

Mating system
(d.f. = 1)
χ2
P

Fixed effects

Corolla area, log e(mm )

Floral trait, (unit)

Table ESM 4

in bold. Random eﬀects of population, individual plant, tray and residual error are represented by variance estimates.

65 x 10

90.913

12.035

41 x 107

0.007

0.010

0.006

0.007

0.149

0.035

0.031

0.009

0.005

0.146

2.468

0.027

Residual

that contained outcrossing and selﬁng populations. P values were based on likelihood ratio tests (LRTs), and signiﬁcant eﬀects are highlighted

gamy levels, pollen number, ovule number and P/O ratio in ﬂowers of Arabidopsis lyrata within the subset of the two clusters (blue and pink)

corolla area, corolla shape (dissymmetric, monosymmetric with top-bottom and monosymmetric with left-right variation), pistil length, herko-

Table ESM 4. General linear mixed-eﬀect model analyses of the eﬀect of population genetic cluster, mating system and their interaction on

Appendix I: summary of GLMMs for all ﬂoral traits
within a population subset

Appendix J: ﬂoral integration in Arabidopsis lyrata

Table ESM 5. Phenotypic integration index (PINT, Wagner 1984) and corrected phenotypic
integration index (PINTc, Cheverud et al. 1989) for corolla area, short- and long-stamen lengths,
pistil length, pollen number and ovule number in selﬁng and outcrossing populations of
Arabidopsis lyrata. Conﬁdence intervals (CI) were based on 1,000 bootstrap randomizations.
Indices were produced using the PHENIX package (Torices and Muñoz-Pajares 2016) in R. Total
values for outcrossing and selﬁng populations are highlighted in bold.

Mating system

Population

N

PINT

P

PINTc

P

Outcrossing

IND

21

1.546

<.001

1.308

<.001

0.456

2.504

PCR

22

0.773

.002

0.546

.002

0.244

1.429

SBD

12

1.400

<.001

0.984

<.001

0.492

1.896

Selfing

-a

7

1.601

<.001

0.887

<.001

-

PIN

20

0.697

.007

0.447

.007

0.319

1.084

MAN

20

1.266

<.001

1.016

<.001

0.571

2.028

a

-a

total

6

2.520

<.001

1.687

<.001

-

TSSA

13

1.536

<.001

1.151

<.001

0.664

2.040

RON

22

1.171

<.001

0.943

<.001

0.613

1.582

TC

11

1.019

<.001

0.564

<.001

0.284

1.722

LPT

8

0.847

<.001

0.222

<.001

0.158

1.850

PTP

7

0.872

<.001

0.158

<.001

0.140

2.224

2

-

-

-

-

-

-

3.721

<.001

2.721

<.001

-a

-a

total
b

a

TSS

KTT
a

Low CI (95 %) High CI (95 %)

b

5

Due to statistical limitation for computing confidence intervals, these values could not be calculated.
Selfing population KTT was excluded from the calculations of PINT due to the limited sample size (N=2) for
this population.
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Appendix K: summary statistics for all ﬂoral traits
in outcrossing and selﬁng populations
Table ESM 6. Means, standard deviation (SD), coeﬃcient of variations (CV), and sample size (n) of all
ﬂoral traits used in the study: corolla area and perimeter, dissection index, short- adn long-stamen
lengths, pistil length, short- and long-stamen herkogamy, pollen size and number, ovule number and
P/O ratio. Estimates are separately shown for each population (in normal font), totals are calculated
over the population means for each mating system (in bold)
Table ESM 6
Mating System
& Population
Outcrossing

Selfing

Corolla area

Corolla perimeter

(mm2)

(mm)

Dissection index
(

perimeter

÷

√

)

area

Short-stamen length

Long-stamen length

(mm)

(mm)

Mean

SD

CV

n

Mean

SD

CV

n

Mean

SD

CV

n

Mean

SD

CV

n

Mean

SD

CV

n

IND

48.16

11.96

24.83

23

42.34

5.03

11.88

23

6.18

0.44

7.12

23

2.71

0.27

9.96

22

3.58

0.27

7.54

22

PCR

69.32

10.15

14.64

23

48.87

5.97

12.22

23

5.89

0.48

8.15

23

2.84

0.31

10.92

24

3.74

0.27

7.22

24

SBD

67.02

13.52

20.17

13

48.21

5.12

10.62

13

5.96

0.53

8.89

13

2.65

0.15

5.66

13

3.66

0.26

7.10

13

TSS

44.25

10.31

23.30

12

38.13

4.42

11.59

12

5.80

0.51

8.79

12

2.45

0.32

13.06

12

3.23

0.44

13.62

12

PIN

70.62

10.28

14.56

20

49.36

4.16

8.43

20

5.92

0.49

8.28

20

2.76

0.20

7.25

20

3.84

0.24

6.25

20

MAN

53.73

13.59

25.29

21

40.80

4.64

11.37

21

5.65

0.46

8.14

21

2.56

0.26

10.16

21

3.46

0.34

9.83

21

total

58.85

11.56

19.65

6

44.62

4.80

10.76

6

5.90

0.18

2.98

6

2.66

0.14

5.29

6

3.59

0.22

6.06

6

TSSA

40.82

8.92

21.85

13

36.22

4.06

11.21

13

5.73

0.43

7.50

13

2.35

0.27

11.49

13

3.32

0.35

10.54

13

KTT

43.57

7.17

16.46

6

41.30

3.12

7.55

6

6.29

0.31

4.93

6

2.92

0.17

5.82

6

3.58

0.26

7.26

6

RON

61.87

7.92

12.80

22

45.03

2.98

6.62

22

5.75

0.33

5.74

22

2.85

0.23

8.07

22

3.88

0.24

6.19

22

TC

50.11

6.33

12.63

13

41.74

3.31

7.93

13

5.92

0.42

7.09

13

2.63

0.32

12.17

15

3.57

0.38

10.64

15

LPT

66.82

2.98

4.46

8

54.92

2.51

4.57

8

6.77

0.36

5.32

8

3.11

0.34

10.93

9

4.04

0.32

7.92

9

PTP

57.26

7.95

13.88

7

46.48

4.98

10.71

7

6.16

0.36

5.84

7

2.75

0.26

9.45

7

3.65

0.29

7.95

7

total

53.41

10.32

19.32

6

44.28

6.31

14.24

6

6.10

0.40

6.47

6

2.77

0.26

9.43

6

3.67

0.25

6.91

6

Table ESM 6 (continued)
Mating System

Pollen number

& Population
Outcrossing

Selfing

Ovule number

P/O ratio

(x 1000)
Mean

SD

CV

n

Mean

SD

CV

n

Mean

SD

CV

IND

35.0

16.7

47.69

21

24.69

5.38

21.79

21

1428

682

47.76

n
21

PCR

43.0

22.0

51.20

23

26.09

4.40

16.86

23

1661

773

46.54

23

SBD

47.0

12.8

27.24

12

28.79

6.40

22.23

12

1744

698

40.02

12

TSS

32.5

17.6

54.04

8

30.63

7.87

25.69

8

1218

1018

83.58

8

PIN

42.3

15.8

37.36

20

26.28

3.99

15.18

20

1630

629

38.59

20

MAN

39.9

12.5

31.35

20

30.25

7.67

25.36

20

1384

508

36.71

20

total

40.0

5.4

13.46

6

27.79

2.45

8.80

6

1511

200

13.23

6

TSSA

23.4

12.4

53.06

13

34.08

7.10

20.83

13

716

433

60.47

13

KTT

37.5

21.2

56.57

2

30.50

0.71

2.33

2

1238

724

58.48

2

RON

37.6

13.6

36.12

22

29.18

4.50

15.42

22

1275

351

27.53

22

TC

35.6

16.7

47.01

12

39.71

5.42

13.65

12

888

416

46.85

12

LPT

50.2

23.9

47.71

8

26.56

1.88

7.08

8

1881

929

49.39

8

PTP

33.9

8.0

23.63

7

30.93

5.70

18.43

7

1116

386

34.59

7

total

36.4

8.6

23.52

6

31.83

4.57

14.37

6

1186

402

33.91

6

Table ESM 6 (continued)
Mating System

Pistil length

Short-stamen herkogamy

Long-stamen herkogamy

Pollen size

& Population

(mm)

(mm)

(mm)

(m

Outcrossing

Selfing

2

)

Mean

SD

CV

n

Mean

SD

CV

n

Mean

SD

CV

n

Mean

SD

CV

IND

3.54

0.66

18.64

22

1.57

0.45

28.66

22

0.75

0.26

34.67

22

245.29

22.99

9.37

n
21

PCR

3.79

0.36

9.50

24

1.63

0.26

15.95

24

0.70

0.11

15.71

24

241.35

18.34

7.60

23

SBD

3.56

0.47

13.20

13

1.60

0.37

23.13

13

0.75

0.06

8.00

13

237.92

16.22

6.82

12

TSS

2.99

0.77

25.75

12

1.43

0.38

26.57

12

0.74

0.21

28.38

12

237.38

23.44

9.87

8

PIN

3.50

0.30

8.57

20

1.60

0.22

13.75

20

0.71

0.13

18.31

20

250.60

14.87

5.93

20

MAN

3.44

0.48

13.95

21

1.56

0.32

20.51

21

0.74

0.14

18.92

21

235.19

15.33

6.52

21

total

3.47

0.26

7.60

6

1.57

0.07

4.51

6

0.73

0.02

2.92

6

241.29

5.77

2.39

6

TSSA

3.27

0.55

16.82

13

1.47

0.38

25.85

13

0.69

0.07

10.14

13

235.83

35.05

14.86

13

KTT

3.63

0.47

12.95

6

1.26

0.38

30.16

6

0.66

0.15

22.73

6

232.96

13.00

5.58

2

RON

4.00

0.38

9.50

22

1.58

0.30

18.99

22

0.69

0.10

14.49

22

233.72

23.17

9.91

22

TC

3.73

0.60

16.09

15

1.84

0.46

25.00

15

0.79

0.24

30.38

15

269.82

15.30

5.67

12

LPT

4.33

0.35

8.08

9

1.85

0.25

13.51

9

0.81

0.14

17.28

9

271.53

20.93

7.71

7

PTP

3.79

0.25

6.60

7

1.80

0.21

11.67

7

0.65

0.13

20.00

7

257.07

13.07

5.08

7

total

3.79

0.36

9.40

6

1.63

0.24

14.65

6

0.72

0.07

9.52

6

250.16

18.23

7.29

6
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Appendix L: map of the study area
and location of focal plants

Figure S1. Study area of Mindelsee Nature Reserve, in Germany (upper right; yellow line
represents the area border). At the bottom, the study site is magnified to depict the 170 focal
Gentiana asclepiadea plants (light blue circles) used to measure Phengaris alcon oviposition,
surrounding vegetation, ant abundance and gentian traits. Additionally, 19 extra plants (red
circles) were included during the pollinator observations to increase sampling effort. Source:
Google.
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Appendix M: general view of the study site
and measurement approaches

Figure S2. Details of field experiment (A-H). (A) Example of a focal G. asclepiadea plant
used in the study before surrounding vegetation assessment with a 1 x 1 m2 portable grid. (B)
Detail of a pitfall trap (to the right of a focal plant) used for ant sampling. (C) Example of a
focal plant next to a bamboo marking occurring at an open field dominated by low grass
species. (D) Example of another focal plant occurring at an open field with tall grass species
dominated by the common reed, Phragmites australis. (E) Example of a third focal plant
occurring at the forest edge, partially affected by shade. (F) Phengaris alcon oviposition on
Gentiana asclepiadea shortly before blooming season. (G) Detail of small white P. alcon
eggs (white arrow) on G. asclepiadea flowers and buds during blooming season. (H) Timelapse camera set to record pollinator visitation on one focal plant.
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Appendix N: statistical analyses of seed set

Note that ‘open pollination’ and ‘pollen supplementation’ data were here merged, but in main
text they were analyzed separately
Table S3. Generalized linear mixed-effect model analyses of seed set of Gentiana asclepiadea for the merged data
of the ‘open pollination’ and ‘pollen supplementation’ treatments. Full model fit estimates and their standard
errors (SE), z statistics and p values are given for all fixed effects, which represented pollination treatment (‘open
pollination’ was used against the ‘pollen supplementation’ reference), flower traits (corolla length and width, their
quadratic effects, and all possible two-way interactions. Significant effects (p < 0.05) are shown in bold. For ease
of interpretation, all continuous explanatory variables were scaled. Random effects are represented as variance
estimates
Seed set of Gentiana asclepiadea after pollination treatments
Merged data: open pollination + pollen supplementation (n = 78)
Negative binomial error dist.
Fixed effect
Estimate
SE
z
p
‘pollen supplementation’ (intercept)
5.13
0.21
23.94
< 0.01
‘open pollination’
-0.70
0.21
-3.34
< 0.01
corolla length
0.00
0.15
-0.01
0.99
corolla length 20.
1
7
0
.
0
9
1.
8
5
0
.
06
0.09
-1.85
-0.17
0.06
corolla width
0.02
0.24
0.09
0.93
0.24
0.09
0.02
0.93
corolla width 02
. 11 0
. 10 1
. 14 0
. 25
0.10
1.14
0.11
0.25
treatment : corolla length
0.03
0.23
0.12
0.91
treatment : corolla width
0.31
0.31
1.03
0.31
corolla length : corolla width
-0.14
0.11
-1.25
0.21
Random effect
Variance
plant
< 0.01
pollination date
0.07

Figure S3. Predicted seed set in Gentiana asclepiadea for the ‘open pollination’ and ‘pollen supplementation’
treatments (left pane). Predicted seed set for the effects of corolla length (middle pane) and width (right pane) in
the merged fruit data. Circles represent each of the collected fruit in both pollination treatments (n = 78). The
fitted line is included for significant effects, whereas the dashed line is included for marginal significant effects
(Table S3).
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