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Summary

Human activity is resulting in extreme changes to Earth’s biotic and abiotic systems,
and in 2019, this information is finally reaching the general public, too. While the
most famous phenomenon is climate warming due to the burning of fossil fuels, land
use intensification — including the expansion of managed area and the more intense
use of existing agricultural fields — is the main cause of the loss of biological
diversity. Land plants as primary producers are at the foundation of terrestrial
ecosystems (ironically also at the foundation of our own agriculture), and
understanding how their evolution has been and will be shaped by anthropogenic
activity is crucial for human societies.

Past evolutionary events and potential for future evolution can be inferred from
two types of variation within species: the differentiation between populations, and the
diversity within populations (being the raw material for evolution), respectively.
Within-species variation has also profound effects on the production, stability and
resilience of plant populations, and these effects also propagate across whole plant
communities and ecosystems. Studies of plant phenotypic and genetic variation in
human-managed ecosystems, especially mown and grazed grasslands, have
established that differentiation between close but differently managed areas can take
place within a couple of generations, showing the prevalence of rapid evolution. Most
recently, research on epigenetic variation — primarily focusing on DNA methylation —
has gained momentum, as it became clear that it can also result in phenotypic
differences and that natural plant populations are variable on this level, too.
However, comprehensive studies on the effect of land use on intraspecific variation
are lacking, as well as on the epigenetic variation in wild populations of non-model
plants. Furthermore, studies on land use and intraspecific variation often focussed
on agriculturally interesting traits, with less attention to ecologically relevant plant
traits. In this thesis, | aimed to narrow these gaps by asking: (i) How much
intraspecific genetic, epigenetic, and phenotypic variation is there within (diversity)
and among (differentiation) wild plant populations? (ii) How is genetic, epigenetic,
and phenotypic variation related to each other? (iii) What is their relationship to
environmental factors, especially to land use intensity? (iv) Are there trade-offs or

positive correlations between functional traits relevant in grasslands?



| worked with Plantago lanceolata, a very common grassland plant, and took
advantage of the network of standardised study plots with detailed land-use
information across Germany, that is hosted by the Biodiversity Exploratories
research platform. In Chapter Il, | focused on the analysis of epigenetic variation in
field- and common-garden-collected material, and related it to genetic and
phenotypic variation, environmental variables and land use intensity. In Chapter lll, |
analysed the phenotypic data from the same material in more detail, and explored
heritable variation in the measured traits, and the relationship of their population-
level means and diversities to land use intensity. In Chapter 1V, | zoomed in on three
traits important in grasslands; quantifying the competitive ability, response to nutrient
pulses and clipping/grazing tolerance of P. lanceolata via an inventive greenhouse
experiment, and examined whether there is significant variation in these traits, as
well as their relationships to land use, and between each other.

| found that: (i) There is substantial epigenetic, genetic and phenotypic variation
in P. lanceolata, mostly as within-population diversity, but still showing significant
differentiation among populations. (ii) There was no detectable relationship between
the three levels of intraspecific variation | studied. (iii) Increasing mowing intensity
decreases epigenetic and phenotypic diversity, and the opposite is true for their
relationship to grazing intensity; while genetic variation was unrelated to land use.
(iv) Nutrient pulse response and clipping tolerance in P. lanceolata are negatively
correlated, probably representing a physiological trade-off, while a positive
correlation between competitive ability and clipping tolerance was most likely present
because they confer benefits in the same environments. Altogether, these results
show that rapid evolution associated with land use has taken place in P. lanceolata,
even if this species is wind-pollinated and strictly outcrossing, which results in high
levels of gene-flow and much unstructured variation. This also means that there is

|”

plenty of “raw material” for future evolution in this system, as well as the potential for
finding stronger associations between these three levels of intraspecific variation and
environmental variables in other species. Extending this kind of research, with more
high-resolution genomic and epigenomic methods would certainly contribute to our

understanding of rapid evolution in human-influenced ecosystems.



Zusammenfassung

Menschliches Handeln flihren zu extremen Verénderungen in den biotischen
und abiotischen Systemen der Erde, in 2019 erreicht dieses Wissen endlich die
breite Offentlichkeit. Globale Erwéarmung infolge der Nutzung fossiler Brennstoffe ist
das Bekannteste unter diesen Ph&nomenen, wadhrend jedoch Landnutzungs-
intensivierung — sowohl die Verbreitung landwirtschaftlicher Gebiete als auch die
intensivere Nutzung der bereits existierenden Agrarflachen — die Hauptursache fur
den Verlust biologischer Diversitat ist. Pflanzen sind als primére Produzenten die
Basis terrestrischer Okosysteme (ironischerweise auch die unserer Landwirtschaft).
Daher ist das Verstdndnis daflir, wie ihre Evolution von menschlichem Handeln
beeinflusst wurde und wird, entscheidend fir menschliche Gesellschaften.

Informationen Uber vergangene evolutionare Ereignisse und Potenzial fir
zukunftige Evolution kdénnen aus zwei Kategorien von innerartlicher Variation
erschlossen werden: erstens aus der Differenzierung zwischen Populationen und
zweitens aus der Diversitat innerhalb von Populationen (das Rohmaterial flr
Evolution). Die Produktivitat, Stabilitdt und Resilienz von Pflanzenpopulationen wird
auch stark von innerartlicher Variation beeinflusst: deren Effekte kénnen Einfluss auf
ganze Pflanzengemeinschaften und Okosysteme haben. Studien (iber phéno-
typische und genetische Variation von Pflanzen in menschlich genutzten Oko-
systemen, vor allem geméahter und beweideter Grinlandflachen, haben bewiesen,
dass eine Differenzierung zwischen nah beieinander liegenden aber unterschiedlich
genutzten Landflachen innerhalb von ein paar Generationen stattfinden kann. Dies
belegt die Pravalenz rapider Evolution. In jungster Zeit hat die Erforschung
epigenetischer Variation — vor allem der DNA-Methylierung — an Dynamik
gewonnen, da deutlich wurde, dass sie ebenfalls zu phanotypischen Unterschieden
fuhren kann und dass natlrliche Pflanzenpopulationen auch auf dieser Ebene
variabel sind. Umfassende Studien Uber den Einfluss der Landnutzung auf die
intraspezifische Variation fehlen jedoch ebenso wie Studien Gber die epigenetische
Variation innerhalb wilder Populationen von Nicht-Modellpflanzen. Darlber hinaus
konzentrierten sich die Studien zur Landnutzung und intraspezifischen Variation oft
auf Merkmale die fur die landwirtschaftliche Nutzung wichtig sind, wéahrend
Okologisch relevante Pflanzenmerkmale weniger bericksichtigt wurden. In dieser

Arbeit habe ich versucht, diese Wissenllcken durch folgende Fragen zu verringern:



(i) Wie viel intraspezifische genetische, epigenetische und phanotypische Variation
gibt es innerhalb (Diversitdt) und zwischen (Differenzierung) wilde
Pflanzenpopulationen?  (ii) Wie héngen genetische, epigenetische und
phanotypische Variation zusammen? (iii) In welchem Verhéltnis stehen sie zu
Umweltfaktoren, insbesondere zur Intensitat der Landnutzung? (iv) Gibt es Trade-
Offs oder positive Korrelationen zwischen fur Granlandflachen relevante funktionale
Merkmale?

Ich arbeitete mit Plantago lanceolata, einer weit verbreiteten Grinlandpflanze,
und nutzte das deutschlandweite Netzwerk standardisierter Untersuchungsflachen
mit detaillierten Landnutzungsinformation, das von der Forschungsplattform der
Biodiversitats-Exploratorien betrieben wird. In Kapitel || konzentrierte ich mich auf die
Analyse der epigenetischen Variation von Feld- und ,Common Garden“-Pflanzen
und setze diese in Bezug zu genetischer und phanotypischer Variation, Umwelt-
variablen und Landnutzungsintensitat. In Kapitel Il analysierte ich die phéano-
typischen Daten aus dem gleichen Material detaillierter und untersuchte die erbliche
Variation der gemessenen Merkmale auf Populationsebene, und wie deren
Mittelwerte und Diversitat mit der Landnutzungsintensitdt zusammenhangen. In
Kapitel IV habe ich drei fir Grinlandpflanzen wichtige Merkmale untersucht;
Konkurrenzféhigkeit, Reaktion auf Nahrstoffimpulse und M&h-/Beweidungstoleranz.
Diese wurden fur P. lanceolata mit Hilfe eines Gewdachshaus-Experimentes
quantifiziert und ich habe untersucht, ob es signifikante Variation in diesen
Merkmalen gibt, sowie wie sie untereinander und mit Landnutzung in Beziehung
stehen.

Meine Ergebnisse zeigen: (i) Es gibt erhebliche epigenetische, genetische und
phanotypische Variation bei P. lanceolata, meist in Form von Diversitat innerhalb der
Population, mit signifikanter Differenzierung zwischen den Populationen. (ii) Es gab
keinen erkennbaren Zusammenhang zwischen den drei Ebenen der intra-
spezifischen Variation, die ich untersucht habe. (iii) Zunehmende M&hintensitat
verringert die epigenetische und phanotypische Vielfalt, das Gegenteil gilt far
Beweidungsintensitat, wahrend es zwischen Landnutzung und genetischer Variation
keine Beziehung gibt. (iv) Die N&hrstoffimpulsantwort und die Mé&htoleranz bei P.
lanceolata sind negativ korreliert und stellen hdchstwahrscheinlich einen

physiologischen Trade-Off dar, wéahrend eine positive Korrelation zwischen
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Konkurrenzféhigkeit und Mahtoleranz bestand, vermutlich weil diese Vorteile in den
gleichen Umgebungen bieten. Insgesamt zeigen diese Ergebnisse, dass bei P.
lanceolata eine rasche Evolution im Zusammenhang mit Landnutzung stattgefunden
hat, und das obwohl diese Art windbestdubt und streng auskreuzend ist, was zu
einem hohen Grad an Genfluss und viel unstrukturierter Variation fuhrt. Das
bedeutet auch, dass es in diesem System viel "Rohmaterial” fir zukinftige Evolution
gibt und dass potenziell stérkere Assoziationen zwischen diesen drei Ebenen der
intraspezifischen Variation und den Umweltvariablen in anderen Arten gefunden
werden kénnen. Die Erweiterung dieser Art von Forschung durch hochauflésendere
genomische und epigenomische Methoden wurde sicherlich zu unserem Verstandnis

der raschen Evolution in vom Menschen beeinflussten Okosystemen beitragen.
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Chapter |

General Introduction

1. Intraspecific variation in plants

Differences between individuals of a given species exist in all possible examined
characters. The heritable fraction of this within-species variation is the raw material
of evolution, however, before the confirmation of DNA’s role in heredity in the 1950’s
and the advent of molecular techniques in the 1960’s, the only measurable
manifestation of intraspecific variation was the phenotype. Until the pioneering work
of Turesson (1922), scholars mostly thought that local variants of the same plant
species were induced by their specific habitat, and struggled with separating the
plastic and heritable portions of intraspecific phenotypic variation (Briggs & Walters,
2016). In the early 20th century, the modern synthesis of evolution reconciled the
continuous distribution of the observed phenotypes and the discrete units of
inheritance, giving way to population genetics and quantitative genetics, using
initially only the phenotypes to infer underlying evolutionary processes (selection,
mutation, drift, and gene flow). So there is a strong history of plant evolutionary
biologists investigating within-species variation, and documenting evolution in action
— often in grasslands and/or agricultural settings (Stapledon, 1928; Snaydon, 1970;
Warwick & Briggs, 1978; Wolff & Van Delden, 1987; Van Tienderen & van der Toorn,
1991; Nunez-Farfan & Schlichting, 2001; Vergeer et al., 2003).

Since the 1960’s, molecular genetic — and more recently, genomic —
technologies have allowed to quantify genetic variation directly. Most of the variation
captured by genetic markers is neutral (ie. resulting from mutation, drift, or gene
flow), and is only weakly correlated with adaptive variation (ie. resulting from
selection). It is therefore often argued that neutral genetic variation is not a good
predictor of the adaptive potential of a population (Reed & Frankham, 2001; Mittell et
al., 2015). However, it is known that part of the harboured genetic variation only
results in heritable phenotypic variation under unusual circumstances (cryptic genetic
variation, CGV; Paaby & Rockman, 2014), and that adaptation from standing (ie.

pre-existing) genetic variation is faster than from newly arisen mutations (Barrett &
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Schluter, 2008). It has also been pointed out by Colautti et al. (2012) that even if
there has been a careful mapping of quantitative traits to the well-characterised
genome of the model plant, Arabidopsis thaliana in the greenhouse, few of these loci
would be detected in natural conditions, while many new candidates would appear
that have not been found under controlled conditions.

Besides the central role of intraspecific variation in evolution, its effects ripple
through many levels of organisation, including, populations, communities and
ecosystems (Hughes et al., 2008). Higher genotypic diversity improves production
(Crutsinger et al., 2006) and the stability thereof (Prieto et al., 2015), and confers
higher resistance to invasions (Crutsinger et al., 2008) and diseases (Mundt, 2002),
as well as resilience in the face of climatic extremes (Reusch et al., 2005; Ehlers et
al., 2008). Intraspecific variation also affects higher levels; it reduces species
diversity decline (Booth & Grime, 2003), and modulates community assembly (Jung
et al., 2010) and multitrophic interactions (Reusch et al., 2005; Crutsinger et al.,
2006). In the field of functional and trait-based community ecology (Violle et al.,
2007), a recent shift away from the perspective that within-species variation should
be negligible compared to between-species variation (McGill et al., 2006) has now
lead to intense inquiry of “intraspecific trait variability” (ITV; Violle et al., 2012).
Individual studies of this line of research showed that mean values of single species
may hide substantial functional variation in the community (Albert et al., 2010 b;
Siefert et al., 2015), and reduce observed effects by lumping together distinct
species-specific responses (Kichenin et al, 2013). In some cases, the effect of
intraspecific variation has even been found to be stronger than variation on the
species level (Cook-Patton et al.,, 2011; Des Roches et al., 2018). Ecosystem-level
effects of intraspecific variation, such as decomposition (Madritch et al., 2006) and
nutrient cycling (Hughes & Stachowicz, 2004) have been documented. Apart from all
the different aspects of the importance of intraspecific variation listed above (and
discussed elsewhere; see Mimura et al., 2017), it is also a level of biodiversity with

intrinsic value (Ghilarov, 2000).
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2. Epigenetic variation

In the past decade, epigenetic variation, as it can result in phenotypic variation in the
absence of underlying genetic variation (Cubas et al., 1999; Cortijo et al., 2014), has
also started to take its place in the evolutionary biology of natural populations
(Bossdorf et al., 2008; Richards et al., 2017). Epigenetic mechanisms modulate gene
expression and contribute to genome structure and integrity through a concerted
interplay of chemical modifications of the DNA (eg. methylation of cytosines) and
chromatin (e.g. histone methylation and acetylation, spatial arrangement), as well as
small RNAs. These processes play a central role in development and tissue
differentiation, and the information they hold is heritable between mitotically
multiplying cell populations, and can even be transmitted over generations on the
organismal level (Weigel & Colot, 2012). Epigenetic variation has recently gotten
much attention, as its heritability is combined with the environmental inducibility, and
so has the potential of accelerating evolution (Gutzat & Mittelsten Scheid, 2012).

In plants, presumably because of their sessile lifestyle and the value of the
mother plant’s environmental information, epigenetic regulation is more complex
than in animals. DNA methylation, the most well-studied epigenetic mechanism
occurs in three sequence contexts in plants (CG, CHG and CHH, where H = A, G, or
T), with distinct responsible molecular pathways, and different functions (Zhang et
al.,, 2018a). Some important types of methylated regions are i) promoters, mostly
resulting in repressed transcription; ii) gene bodies in the CG context, associated
with slow-evolving housekeeping genes; and iii) silenced transposable elements
(TEs) with heavy methylation in all three contexts (Bewick & Schmitz, 2017; Zhang et
al., 2018a). Most of our knowledge on plant epigenetics comes from the model plant
Arabidopsis thaliana, and the crop species Oryza sativa and Zea mays (rice and
maize). There are several lines of evidence from epigenetic recombinant inbred lines
(Reinders et al., 2009; epiRILs; Johannes et al., 2009) from Arabidopsis that show
that variation mainly in DNA methylation (and very little in the DNA sequence), can
result in substantial heritable phenotypic variation (Zhang et al., 2013, 2018b; Cortijo
et al., 2014; Kooke et al., 2015), that eventually can be subjected to selection. A

positive diversity effect, similar to that known for species and genetic diversity, has
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been also demonstrated on the productivity and stability of experimental epiRIL
populations (Latzel et al., 2013). However, A. thaliana has an exceptionally small
genome (~135 Mb) with low global methylation (5% vs 10-40% in other species;
Alonso et al., 2015) and unusual organisation: most of the TEs and no genes are at
the centromeres, and that is where most of the methylation is (Seymour et al., 2014).
The genomes of rice and maize for instance are substantially larger (430 Mb and 2.4
Gb), and have very different epigenomic organisations, with TEs and DNA
methylation much more distributed across their chromosomes (Li et al., 2012, 2014).

In order to assess the generality and realism of the mechanisms and patterns
explored in the A. thaliana and crop systems, it is important to investigate epigenetic
variation also in natural populations of other species. This venture has started about
a decade ago (Bossdorf et al.,, 2008), and has yielded much knowledge and even
more questions about natural epigenetic variation, especially in non-model species.
Briefly, there is much evidence that epigenetic variation exists in natural populations,
however, in order to disentangle its genetic dependence, its environmentally induced
versus unaffected, transient versus heritable fractions, and its phenotypic effects, the
examination of many populations, with a comprehensive experimental design, and
possibly extensive genomic resources is needed. For a more exhaustive discussion
of this topic see Chapter 2 and Richards et al. (2017).

Altogether, there is accumulating evidence from model species in laboratory
conditions (Cortijo et al., 2014; Kooke et al., 2015; Zhang et al., 2018b) and proof-of-
principle studies from natural populations of wild species (Herrera & Bazaga, 2010;
Lira-Medeiros et al., 2010; Richards et al., 2012; Medrano et al., 2014; Schulz et al.,
2014, Groot et al, 2018) that epigenetic variation can also harbour substantial
evolutionary potential, however, to assess its true importance in realistic settings,
further research is needed. Understanding the evolutionary potential of plant
populations is especially crutial today, as it is expected to play an important role in

the context of global environmental change.
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3. Plants in the Anthropocene

We live in the Anthropocene, a geological epoch defined by human activity (Crutzen,
2002; Lewis & Maslin, 2015). Human activity has changed the climate and major
biogeochemical cycles of the Earth (Steffen et al., 2007). We have connected every
corner of the world, and bring organisms with or without intention to new habitats
(van Kleunen et al., 2015). We also halved plant biomass on Earth over the past
5000 years (Smil, 2013), and exchanged most vertebrate biomass to domesticated
animals; today, humans and their domesticated livestock make up for 96% of all
mammal biomass, and 70% of bird biomass comes in some form of poultry (Bar-On
et al., 2018). In 2005, 40% of land were croplands and pastures (Foley et al., 2005),
most of which is sprayed with fertiliser, herbicides, pesticides, and antibiotics. Also,
35% of the total CO2 emissions between 1850 and 1990 came directly from land use
(Houghton, 1999). The list could go on why humans earned the title of the “world’s
greatest evolutionary force” (Palumbi, 2001).

All of these anthropogenic factors act on plant populations indirectly through
direct agents of selection, which can be grouped into abiotic (climatic or soll
conditions) and biotic factors (competitors, herbivores, pollinators, seed dispersers,
symbionts or pathogens; Cheplick, 2015), and these direct effects have been studied
extensively (see Linhart and Grant, 1996 and Cheplick, 2015 for a comprehensive
listing of studies). The consequences of anthropogenic global change have been
also documented widely, however mostly on higher organisational levels, such as
shifts in distribution ranges, phenology, community composition, and extinctions
(Parmesan, 2006), and changes on the intraspecific level are understudied. While
there are some studies for example on evolutionary consequences of global change
(Franks et al., 2014, and other papers in the same special issue) or invasion
(Bossdorf et al., 2005; Colautti & Lau, 2015), more research has to be conducted on

the relationship of intraspecific variation and land use.

4. Land use and plant evolution
Land use is globally the strongest factor contributing to biodiversity loss (Diaz et al.,

2019). lts detrimental effects exceed those of climate change, nitrogen deposition,
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biotic exchange, and the rise of atmospheric COz2 level in seven out of twelve biomes
examined by Sala et al. (2000). Besides increasing the areas under management,
leading to habitat loss and reduction, the intensification of already existing land use
also threatens wildlife (Sala et al., 2000; Foley et al., 2005; Newbold et al., 2015).
Contemporary land use practices alter global biogeochemical cycles of nitrogen,
phosphorus, carbon, and water via fertilisation, irrigation and tillage leading to soll
erosion, thereby changing trophic networks and the structure of ecological
communities (Foley et al., 2005, and references therein).

Grasslands cover about a quarter of land area, represent 25 of agricultural land
(da Silveira Pontes et al., 2015), and have been historically important in agriculture,
specifically for animal husbandry, so the ecophysiology and adaptations of plants in
these ecosystems have been extensively studied (Lemaire et al., 2000; Briggs,
2009). This has mostly been done by analysing functional traits, traits that influence
the fitness — growth, survival, and reproduction — of a plant (Violle et al., 2007). It
turns out that many of these traits co-vary, while others do not, and this leads to the
concept of trait syndromes, one of the most well-known of which is the leaf economic
spectrum (Wright et al., 2004), distributing plants along an axis between the
exploitative (high specific leaf area, leaf N content, photosynthetic rate, and short life
span) and conservative (opposing trait combination) strategies. Another prominent
theory describing plant functional strategies places species in the so-called CSR
triangle (Grime et al., 2014). C-strategist species (competitors) grow tall with a high
light interception, S-strategists (stress tolerators) are well adapted to stressful
environments, have a deep root system and are long-lived, while R-strategists
(ruderals) complete their life cycle and disperse rapidly. A third framework that
emerged from the study of functional traits is the leaf-height-seed (LHS) strategy
scheme (Westoby, 1998), that uses three traits: leaf mass per area, height, and seed
mass to classify a plant’s ecological strategy.

The frameworks outlined above have been applied to study the effect of the
main filtering forces in grasslands (i.e. nutrient availability, defoliation, and
competition) on plant species. The trait syndromes associated with a gradient of

nutrient availability follow the leaf economic spectrum (i.e. exploitative strategy at
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nutrient rich sites). Interestingly, high growth rate is also associated with frequent
defoliation, while conservative strategies adaptive at nutrient-poor habitats are also
increasing resistance to herbivory (da Silveira Pontes et al., 2015 and references
therein). Strategies adaptive for high competition could range from structural and
physiological components of shade tolerance and shade avoidance (Niinemets,
2010), to belowground processes such as nutrient exploitation (Tilman, 1985) or
microbial interactions (Bever et al., 2010); a comprehensive enumeration is however
beyond the scope of this introduction. Most of this research has, however, focused
on the number of species, and despite the “return of the variance” (Violle et al.,
2012), more information is needed on other levels of biological diversity, such as
intraspecific genetic, epigenetic or phenotypic variation.

It is known from a number of studies that mowing and grazing in general, can
select for prostrate growth forms (Warwick & Briggs, 1979; Aarssen & Turkington,
1985; Rotundo & Aguiar, 2008; Suzuki, 2008), that fertilisation increases light
competition, and selects for more vigorous growth (Hautier et al., 2009), and that
different mowing times can lead to heritable changes in phenology (Zopfi, 1993;
Voller et al., 2013). However, almost all of the studies investigating the relationship
of land use and intraspecific variation studies are based on a limited number of
populations and restricted geographical range (see Briggs, 2009, chap. 8 for a
comprehensive list of studies), so additional detailed research based on larger
samples is necessary (as exemplified by Véller et al., 2013, and 2017). The
connection between epigenetic variation and land use has also not been explored so

far, pointing out directions for further research.

5. Study species

Plantago lanceolata is a herbaceous perennial grassland plant species, originally
native to Eurasia but now globally distributed. It is one of the most common
grassland herbs across its distribution range, and so is a species with high ecological
relevance (Sagar & Harper, 1964). lts leaves form a rosette and the flowers are born
in compact inflorescences on long scapes. It is wind-pollinated and self-incompatible,

diploid, and has a genome size of 1n = 1.28 Gb. It mostly flowers readily in the first
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year, and germinates after cold stratification (Pons, 1992), all of which characteristics
make it a favourable species for experimental, ecological, and genetic studies. Other
European species in the genus also have a similar biology, and a large research
project between the late 1970’s and early 1990’s in the Netherlands — combining
ecology, population genetics, physiology, soil sciences, and microbiology among
others — produced over 200 academic papers that were summarised in the book
‘Plantago: A Multidisciplinary Study’ (Kuiper & Bos, 1992).

Much of the work in this project was carried out with P. lanceolata, and many of
these studies focused on population genetic questions, even in relation to land use.
These pieces of research identified among others: local adaptation (Van Tienderen &
van der Toorn, 1991), substantially different life histories (van Groenendael, 1986),
and population differentiation in 17 phenotypic traits (Wolff & Van Delden, 1987) in
relation to land use. However, all of these studies were restricted to a handful of
populations (two to four in the above mentioned cases), and thus the questions of
generalisability and whether the differences were indeed due to land use remain
open. Other earlier research on P. lanceolata found no heritable phenotypic variation
in five phenotypic traits in relation to four different categories of land use (Warwick &
Briggs, 1979).

6. Goals of my thesis

As outlined in this Introduction, intraspecific variation has a crucial role in plant eco-
evolutionary dynamics, however, an important part of it — epigenetic variation — is
lacking large-scale studies conducted on wild populations of non-model species.
Moreover, whereas the effect of land-use intensification on biological diversity has
been extensively studied, its consequences for intraspecific variation and rapid
evolution are understudied.

In Chapter Il of this thesis, | analysed the epigenetic, genetic, and phenotypic
variation (diversity and differentiation) coming from P. lanceolata material that |
collected in 60 wild populations across Germany. | followed a comprehensive
experimental design proposed by (Bossdorf et al., 2008), including the comparison of

field-collected and common-garden-derived material that enables the discernment of
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environmentally induced and stable epigenetic variation. | also examined the
relationships between intraspecific epigenetic, genetic and phenotypic variation, and
their association with three different components of land-use intensity (mowing,
fertilisation, and grazing) in the managed grasslands of the original populations.

In Chapter Ill, | analysed the phenotypic traits measured in the common
garden experiment in greater detail. The main inquiry in this chapter was whether
there is substantial heritable phenotypic variation that could serve as raw material for
evolution, and whether land use could be a consistent and strong enough selective
force for adaptation to occur. | analysed the population-level means and diversities of
nine different phenotypic traits associated with plant size, leaf economy, and
reproduction, and related them to the mowing, fertilisation, and grazing intensities of
the original field sites in order to answer these questions.

In Chapter IV, | conducted another greenhouse experiment, where | explored
in detail three functional traits related to land use processes. In managed grasslands,
plants are constantly exposed to competition, and regularly experience addition of
nutrients (as fertiliser or livestock droppings), and removal of biomass, and
accordingly, | quantified competitive ability as R* (Tilman, 1985), response to a
nutrient pulse, and clipping tolerance. | examined their relationship to mowing,
fertilisation, and grazing intensity, as well as their interconnectedness — to find out

whether there are trade-offs or positive genetic correlations between them.
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Summary

e Within-species diversity is an important driver of ecological and evolutionary processes.
Recent research has found that plants can harbour significant epigenetic diversity, but its
extent, stability and ecological significance in natural populations is largely unexplored.

e We analysed genetic, epigenetic and phenotypic variation in a large number of natural
grassland populations of Plantago lanceolata, covering a broad geographical and environ-
mental range. Within-population diversity and among-population differentiation were calcu-
lated from genetic and epigenetic marker data and from measurements of phenotypic traits,
both for plants in the field and for the F; generation grown in a common environment.

e We found weak but significant epigenetic population structure. A large part of the epige-
netic population differences observed in the field was maintained in a common environment.
Epigenetic differences were consistently related to genetic and environmental variation, and
to a lesser degree to phenotypic variation and land use, with more grazed populations har-
bouring greater epigenetic diversity.

e Our study demonstrates that epigenetic diversity exists in natural populations of a common
grassland species, and that at least part of this epigenetic diversity is stable, nonrandom and
related to environmental variation. Experimental and more detailed molecular studies are

needed to elucidate the mechanistic basis of these observed patterns.

Introduction

Within-species variation is an important level of biological diver-
sity, sometimes with even stronger ecological effects than species-
level variation (Des Roches ezal, 2018). In studies of natural
populations, within-species variation has two main components:
(1) the diversity within populations, which serves as the raw
material for evolution and adaptation (Barrett & Schluter, 2008),
and has been shown to contribute to the resistance and resilience
of populations (Hughes ez al., 2008); and (2) the genetic differen-
tiation among populations, which reflects local adaptation and
other evolutionary processes such as drift and gene flow.

In the past, the study of intraspecific variation was mainly con-
cerned with phenotypic or genetic differences among individuals
or populations. In recent years, it has become clear that
intraspecific variation also exists at the epigenetic level of DNA
methylation or other epigenetic modifications of the genome.
Epigenetic variation can be related to variation in phenotype
(Cubas eral., 1999; Cortijo eral., 2014; Kooke et al., 2015), and
is therefore potentially relevant for ecology and evolutionary biol-
ogy, as well as plant and animal breeding and conservation.
Although much epigenetic variation is under genetic control,
there are cases where epigenetic variation is independent of

© 2018 The Authors
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genetic variation, as a result of spontancous epimutation (Becker
etal, 2011; Van Der Graaf ez al., 2015) or environmental induc-
tion (Jiang ez al., 2014; Quadrana & Colot, 2016), and it is par-
ticularly these cases where the study of epigenetic variation has
the potential for true discovery of novel intraspecific differences
and evolutionary potential (Bossdorf ez al., 2008; Richards ez al.,
2017).

So far, in-depth documentation of intraspecific variation in
DNA methylation has been largely restricted to some model
plant species (e.g. Arabidopsis thaliana, Oryza sativa and Zea
mays) with extensive genomic and epigenomic resources (Schmitz
etal., 2011, 2013; Becker ez al., 2011; Li ezal., 2012, 2014; Van
Der Graaf etal., 2015; Kawakatsu ezal, 2016). These studies
documented substantial variation in the extent and stability of
DNA methylation, both within genomes in different sequence
contexts and genomic regions, and among different lines/geno-
types and geographical origins. In addition, there has also been a
notable increase in research on natural epigenetic variation in
nonmodel species (Richards ezal, 2017). These studies con-
firmed that variation in DNA methylation is ubiquitous in natu-
ral populations, and that it usually exceeds DNA sequence
variation when comparing populations from ecologically con-
trasting origins (Herrera & Bazaga, 2010; Lira-Medeiros et al,
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2010; Richards eral, 2012; Medrano etal., 2014; Schulz ezal.,
2014). However, most of these previous studies included only
few populations, often from very restricted geographical ranges,
which makes their conclusions difficult to generalize across larger
ranges of populations and environments.

Besides quantifying and describing epigenetic variation in wild
populations, another important goal is to clarify and disentangle
its relationships with genetic and phenotypic variation. In
A. thaliana, much of the epigenomic variation appears to mirror
underlying genetic patterns (Dubin ezal., 2015). However, the
structure and dynamics of the A. thaliana epigenome are very
unusual within the plant kingdom (Mirouze & Vitte, 2014;
Alonso etal, 2015) — with exceptionally low overall DNA
methylation — and studies from nonmodel plants have reported
patterns of epigenetic variation independent of genetic related-
ness (Schulz ez al., 2014; Foust ez al., 2016; Gugger et al., 2016).
In addition, phenotypic variation can be caused by epigenetic dif-
ferences alone, as it has been demonstrated, for instance, for
flower symmetry, root length and flowering time (Cubas ezal,
1999; Cortijo etal., 2014). In natural populations, significant
correlations were found between epigenetic markers and several
phenotypic traits (Herrera & Bazaga, 2010, 2013; Medrano
etal., 2014). However, these phenotypic measurements origi-
nated from the field, and so cannot disentangle the plastic and
stable components of the relationship between epigenetic and
phenotypic variation. In order to do so, epigenetic and pheno-
typic data must be compared between wild plants and their off-
spring in a common environment.

Apart from underlying genetic variation, heritable epigenetic
variation also can be induced by environmental variability, as
documented both in model and nonmodel species (Verhoeven
etal., 2010; Wibowo eral, 2016). Because of the muldple
sources of epigenetic variation (genetic, environmental and
stochastic), its partial inheritance, and the muldple origins of
phenotypic variation (genetic and epigenetic), teasing apart the
relationships between these processes continues to be a challenge.
However, some effects can be separated through experimental
designs that combine field-collected and common-environment-
derived material with environmental data (Bossdorf ez al, 2008).
If epigenetic variation is correlated with environmental factors in
the field, but this relationship disappears in the common environ-
ment, this indicates plastic responses, and their possible drivers
might be found by relating the phenotypes from the field to the
environmental variables. If the relationships are maintained in a
common environment, then this indicates either natural selection
acting on stable epigenetic variation or inheritance of environ-
mentally induced epigenetic changes. Because environmentally
induced epigenetic changes may be reset after few generations
(Wibowo ez al., 2016), extending common garden studies across
multiple generations can help to distinguish between these two
cases. In any case, the environmental and phenotypic correlates
of stable epigenetic variation can indicate the underlying drivers
and targets of selection.

In summary, to understand the ecological and evolutionary
significance of epigenetic variation, it is important to quantify
epigenetic variation in large numbers of natural populations also
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in nonmodel plants and across broad geographical and environ-
mental ranges, to couple epigenetic variation to genetic and phe-
notypic variation, and to combine field surveys with common
garden approaches. Although the need for such studies was
already identified a decade ago (Bossdorf ez al., 2008), we are not
aware of any previous study that has addressed all of the questions
above in a comprehensive way.

Here, we present a survey of natural epigenetic variation across
60 wild populations of Plantago lanceolata, a common and eco-
logically important plant species in Central European grasslands
(Sagar & Harper, 1964). The studied populations covered a
broad geographical and environmental range. We combined epi-
genetic with genetic and phenotypic data, and compared plants
in the field with their F; offspring raised in a common environ-
ment to ask three research questions. (1) What is the extent,
structure and stability of natural epigenetic variation in
P. lanceolata? We expected significant epigenetic population
structure, with differentiation among geographic regions and
populations, and at least a partial persistence of the observed epi-
genetic variation in the common environment. (2) How is natu-
ral epigenetic variation related to genetic and phenotypic
variation? We expected significant relationships between all three
types of variation, with stronger genetic—epigenetic relationships
in the glasshouse than in the field (as stable epigenetic variation is
more likely genetically controlled), and stronger epigenetic—phe-
notypic relationships in the field, reflecting the plastic compo-
nents of epigenetic and phenotypic variation. (3) How is natural
epigenetic variation related to different environmental factors, in
particular geographical and environmental distance and the
intensities of land use in the studied grasslands? We expected epi-
genetic variation to show isolation by geographical and environ-
mental distance, and a significant relationship with land-use
intensity, all stronger in the field than in the glasshouse.

Materials and Methods

Study system

We worked with Plantago lanceolata L. (Plantaginaceae), a short-
lived perennial rosette herb that is very common in European
grasslands and grows under a wide range of environmental condi-
tions. The species is a wind-pollinated and self-incompatible
diploid (Kuiper & Bos, 1992) with a moderately sized genome
(In~1.28 Gb). We studied natural populations of P. lanceolara
within the German research platform Biodiversity Exploratories
(www.biodiversity-exploratories.de), a large-scale and long-term
project investigating relationships between land use, biodiversity
and ecosystem processes (Fischer ezal, 2010). Among others, it
comprises a hierarchical set of standardized grassland plots, with
50 plots in each of three regions (Fig. 1): the Schorfheide-Chorin
Biosphere Reserve in the north, the Hainich National Park and
surrounding areas in the middle, and the Schwibische Alb Bio-
sphere Reserve in the south of Germany, spanning across 600 km
in total. In each region, the plots cover a wide range of land-use
types and intensities, with precise data for the mowing, fertiliza-
tion and grazing intensities of each plot, obtained from regular
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land-use inventories (Bliithgen ez al., 2012). Plantago lanceolata is
one of the most common plant species in the Biodiversity
Exploratories. Because of their large geographical extent and
wealth of environmental data, these plots offer an excellent
opportunity for studying epigenetic variation, and its ecological
and environmental correlates, in natural plant populations.

Field survey

In September 2015, we collected leaf and seed material, and took
phenotypic measurements in at least 20 grassland plots in each of
the three regions. According to a vegetation survey from 2014,
P. lanceolata occurred on 40, 38 and 27 plots in the three regions
from south to north. To minimize the probability of manage-
ment-related direct environmental induction of DNA methyla-
tion changes, we sampled only plots where at least 3 wk had
passed after the last land-use event (mowing, fertilization or graz-
ing), eventually limiting ourselves to 20 plots per region which
maximized the land-use gradients as well as possible. Within
regions, the sampled plots were on average 15 km apart from
each other (Schwibische Alb: mean=11.2km, range=0.4-
28.9 km; Hainich-Diin: mean=14.5 km, range =0.4-36.3 km;
Schortheide-Chorin: mean = 18.4 km, range =0.4-42.5 km). We
generally considered each plot a separate population.

In each population, we randomly selected at least 10 plant
individuals along two parallel transects, altogether 615 individu-
als across the 60 populations. On each individual, we recorded
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plant height, length of the longest leaf, and the number of inflo-
rescences, and we collected seeds for later common-garden culd-
vation (see in the next section ‘Common garden study’). We
then collected 2—3 undamaged leaves for molecular analyses and
stored these at ¢. 5°C in a cooling box until being transferred to
—20°C at the end of the day, and later freeze-dried them. We
pressed three to eight leaves between blotting paper for later
assessment of leaf traits. Upon returning from the field campaign,
these leaves were dried in a drying oven at 70°C for at least 72 h,
and they were weighed, and scanned with a flatbed photo scanner
(Epson V600). The resulting images were analysed with IMAGE]
(Schneider eral., 2012) to calculate average leaf aspect ratio and
specific leaf area for each individual. We used the data from the
five measured traits to calculate the phenotypic diversity for each
population as the mean coefficient of variation (CV) of the five
traits.

Common garden study

In order to obtain an F; generation of all studied populations, we
sowed seeds of four randomly chosen maternal plants per popula-
tion into seedling trays and stratified them at 5°C and under
moist and dark conditions for 3 wk (Pons, 1992). After that, the
trays were moved to a glasshouse with a 16 h : 8 h, day : night
cycle at 21 : 15°C. The seeds then rapidly germinated, and we
transplanted three seedlings per maternal family into 1-1 pots
filled with a standard potting soil. Altogether, we transplanted
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741 seedlings. After 4 wk of growth, the pots were rearranged
into a randomized block design, and were allowed to grow for
another 6 wk. After that, we took two undamaged leaves per
plant for the molecular analyses, flash-froze them in liquid nitro-
gen and subsequently freeze-dried them. We took the same phe-
notypic measurements as in the field populations, with five
scanned leaves per plant for leaf trait measurements, and calcu-
lated the same population-level phenotypic diversities.

Molecular analyses

In order to assess genetic and epigenetic diversity and differentia-
tion, we performed AFLP (amplified fragment length polymor-
phism) and MSAP amplification
polymorphism) analyses, respectively, on a total of 342 individu-
als (three regions x 19 populations x three individuals x two

(methylation-sensitive

growing environments). For each population, we randomly chose
three of the four maternal families in the glasshouse for the
molecular analyses, and the same maternal families were used
from the field samples (Fig. 1). In order to increase the accuracy
of our analyses and exclude the possibility of a plate effect, we fit-
ted all samples and technical replicates on one 384 multiwell
PCR plate, thereby sacrificing one population from each region.
Total genomic DNA was extracted from freeze-dried leaf tissue
with the peqGOLD Plant DNA Mini Kit (VWR, Darmstadt,
Germany). AFLP and MSAP laboratory and scoring procedures
followed the protocols described in Schulz ez al. (2014; Support-
ing Information Methods S1). We used four and eight selective
primer combinations for AFLP and MSAP, respectively
(Table S1). Comparison of the EcoRI/Hpall and EcoR1/Mspl
reactions of MSAP analyses resulted in four different conditions
for each fragment: (I) nonmethylated (band present in both par-
allel reactions), (II) CG-methylated (band only present in the
EcoRl/ Mspl reaction), and (III) CHG-hemimethylated restriction
site (band only present in the EcoRI/Hpall reaction), and (IV) an
uninformative state with fragments absent in both reactions. We
re-coded this data matrix — that contains three informative (I-III)
and one uninformative condition (IV) at each locus — into three
separate presence/absence matrices that correspond to the three
informative conditions using the ‘Mixed-Scoring 2’ approach
(Schulz eral., 2013), thus making maximum use of the MSAP
information. Furthermore, the two methylated conditions are
methylated by two different enzymes — MET1 and CMTS3,
respectively — that are part of distinct molecular pathways (Law
& Jacobsen, 2010) — and have different stabilities (II > III; see
(Schmitz eral., 2013), further supporting their separation. Over-
all error rates for AFLP and MSAP were 4.25% and 3.37%,
respectively, based on 40 (12%) replicate samples each.

Data analysis

All analyses were done in R (R Development Core Team, 2008).
To quantify genetic and epigenetic diversity, we calculated for
each population Shannon’s information index, and the number
of polymorphic and private loci using the R script Msap_caLc
(Schulz et al., 2013), based on AFLP or MSAP data. We analysed

New Phytologist (2018)
www.newphytologist.com

New
Phytologist

and visualized population structure through AMOVA and princi-
pal coordinates analysis (PCoA), using the POPPR and ADEGENET
packages (Jombart & Ahmed, 2011; Kamvar ezal, 2015). As a
measure of population differentiation, we used the population-
level average Nei and Li distances (synonymous to the
Soerensen—Dice and Bray—Curtis distances) from other popula-
tions calculated with the Porpr package. All analyses of MSAP
data were run separately for each of the three MSAP subepiloci
(MSAP-n, MSAP-m, MSAP-h), and in parallel for field and
common-garden data (referred to as ‘growing environment’).

In order to assess the stability of epigenetic diversity and differ-
entiation at the population level, we calculated regressions
between the parental (field) and offspring (glasshouse) popula-
tions in these variables. In addition, we calculated locus-by-locus
transmissibility of DNA methylation as described in Herrera
eral. (2014), except that we excluded shared absences (cases of
‘stability’ where 0—0) because we considered them uninforma-
tive or misleading (there could be changes in other subepiloci at
the same locus), and because the same information could other-
wise be used multiple times in different datasets. For the AFLP
data, we did not exclude the shared absences, considering that in
that case there is only one binary data matrix.

In order to test for relationships between epigenetic, genetic
and phenotypic variation, we calculated correlations between the
respective Shannon diversities, and the population-level CV in
the case of the phenotypes. To further explore relationships
between these three levels of variation, while at the same time
accounting for spatial autocorrelation (Legendre ez al., 2015), we
employed redundancy analysis (RDA) combined with distance-
based Moran’s eigenvector maps (dbMEM; originally termed
‘principal coordinates of neighbour matrices’, PCNM). We used
the VEGAN package in R (Oksanen ez al.,, 2017) to perform RDA
and to obtain the spatial eigenfunctions. The dbMEM analysis
resulted in six spatial eigenfunctions showing a positive spatial
autocorrelation (positive eigenvalues), and we retained the three
significant ones for further analyses. We then analysed the rela-
tionship between genetic and epigenetic variation both with and
without correcting for spatial structure. Likewise, we tested the
relationship between phenotypic and epigenetic variation in three
different ways: first including only epigenetic data as explanatory
variables, then including geographical structure, and finally
including both geography and genetic variation. The latter
allowed us to test whether there were any epigenotype—phenotype
relationships independent from genetic variation. When genetic
or epigenetic data were used as explanatory variable, we always
used the first three PCoA axes of the respective datasets.

In order to test for relationships between epigenetic and
genetic diversity and land-use intensity, we used general linear
models that included genetic or epigenetic diversity as dependent
variables, and tested for the effects of the different land-use com-
ponents (mowing, fertlization and grazing), the effects of the
regions, the growing environments (field vs glasshouse), and their
interactions. Finally, we used RDA to test whether epigenetic
variation was related to land-use intensity or other environmental
variables, respectively, both with or without correcting for geo-
graphical structure via the dbMEM approach. For the
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environmental variables, we included the following standardized
environmental descriptors of the study plots: elevation, slope,
aspect, mean height of vegetation, biomass per area, plant species
richness and Shannon-diversity, as well as the Ellenberg indicator
values for moisture, soil acidity and nutrients (F, R, N). For
land-use intensity, we included the three land-use intensity com-
ponents: mowing, fertilization and grazing, all taken from the
Biodiversity Exploratories database (www.bexis.uni-jena.de). In
order to account for multiple testing in the case of the RDAs, we
report the false discovery rate-corrected P-values.

Results

Extent, structure and stability of epigenetic variation

The MSAP analysis of 326 individuals yielded 606 polymorphic
epiloci, which were resolved into 1481 polymorphic subepiloci
(560 n-type, 430 m-type and 491 h-type). AFLP analysis resulted
in 545 polymorphic loci. The population-level epigenetic diversity
was lower than genetic diversity, and decreased from n- to m- to
h-subepiloci (Fig. 2a; Table S2). Population differentiation
showed an opposite pattern, with the lowest interpopulation dis-
tances for AFLP, larger distances for MSAP n- and m-subepiloci,
and strongest differentiation for MSAP h-subepiloci (Fig. 2b).
These patterns also were visible in the PCoA, with increasing scat-
ter of individuals from AFLP to MSAP n-, m- and h-subepiloci
(Fig. 3). Although there was much overlap between the regions,
there was a small degree of segregation, often with the Schwibi-
sche Alb region most distinct from the other two. AMOVA con-
firmed that there was significant genetic and epigenetic
differentiation between regions and populations in most cases,
explaining around 2% of genetic variation (Fig. 3, Table S3).
However, we found no significant differentiation for AFLP and
MSAP-m in the glasshouse with AMOVA. The RDA/dbMEM
analysis showed that there was significant spadal structure in all
datasets; the amount of variance explained (ranging from 2.14%
to 3.56%) generally decreased from the more stable epiloci
towards the more unstable ones, and it was generally lower in the
glasshouse than in the field (Table 1). In line with the AMOVA
and PCoA results, one of the significant spatial eigenvectors sepa-
rated the Schwibische Alb region from the other two regions.

In order to assess the stability of the epigenetic differences
observed in the field, we related the field-derived dataset to the
glasshouse-derived data. The PCoA showed that the overall
spread of individuals decreased in the glasshouse, but remained
larger in MSAP-n, MSAP-m and particularly MSAP-h than in
AFLP data. Moreover, differences among regions disappeared in
AFLP and MSAP-m (Fig. 3). Comparison of descriptive parame-
ters showed that the glasshouse-derived diversities followed the
pattern of field data (HIAFLP > H/MSAP—n > H,MSAP—m > H,MSAP—
s Table S2). AFLP diversity was higher and MSAP-h diversity
was lower in the glasshouse, and interpopulation distances were
significantly lower in glasshouse in all cases (Fig. 2). In AMOVA,
the regional components of variance were generally maintained
in the glasshouse, albeit at a slightly lower level, whereas popula-
tion components were not significant anymore for AFLP and
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Fig. 2 Magnitudes of epigenetic and genetic variation among 60 natural
Plantago lanceolata populations. Shannon diversity (H', upper panel) and
mean Nei's distances between populations (lower panel) were compared
between amplified fragment length polymorphism (AFLP) markers and the
three methylation sensitive amplified polymorphism (MSAP) conditions
(nonmethylated, methylated and hemimethylated subepiloci), for plants in
the field and their offspring grown in a common glasshouse environment.
The boxplots indicate medians, 25"/75t percentiles, and the

1.5 x interquartile range. Significant differences between field and
glasshouse plants, based on permutation tests with 10 replications:

** P<0.01; *** P<0.001.

MSAP-m (Fig. 3). The comparison of parent and offspring popu-
lations for genetic and epigenetic diversity and differentiation
data showed significant stability in all MSAP conditions but not
in AFLP (Fig. 4; Table S4a). Locus-by-locus transmissibility was
highest in the AFLP markers (86%) and decreased from MSAP-n
(57%) to MSAP-m (52%) and MSAP-h (40%) (Table S4b).

Relationships between epigenetic, genetic and phenotypic
variation

At the level of aggregated, population-level measures of diversity,
there were no significant relationships between epigenetic diver-
sity and genetic or phenotypic diversity, respectively (Table S5).
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Fig. 3 Epigenetic and genetic variation among Plantago lanceolata individuals in the field (upper row) and glasshouse (lower row). We show principal
coordinates analyses (PCoA) for genetic (AFLP, amplified fragment length polymorphism) and epigenetic (MSAP, methylation sensitive amplified
polymorphism) markers, separately for nonmethylated (MSAP-n), methylated (MSAP-m) and hemimethylated (MSAP-h) subepiloci. The three regions are
distinguished by colour (A-Alb, blue; H-Hainich, green; S-Schorfheide, yellow), with their centroid marked by the respective abbreviation, and the coloured
ellipses delineating the 95% bivariate confidence interval around their mean. The percentages on the axes indicate the amount of variance explained by
each PCoA axis. In addition, the amounts of variance assigned by AMOVA to region and populations are given in the upper left corner of each panel, with
significances marked as: *, P<0.05; **, P<0.01; ***, P <0.001; ns, not significant.

Table 1 Results of redundancy analyses (RDA) relating epigenetic variation in Plantago lanceolata to genetic (GEN) or phenotypic (PHEN) variation, as well
as to spatial geographic (GEO) variation, environmental (ENV) or land-use intensity (LUI) variation, separately for the three different methylation sensitive
amplified polymorphism (MSAP) epiloci types, and for field vs glasshouse data.

Field Glasshouse

MSAP-n MSAP-m MSAP-h MSAP-n MSAP-m MSAP-h

Var % P Var % P Var % P Var % P Var % P Var % P
EPI vs GEO 3.56 0.003 3.26 0.003 3.09 0.003 3.00 0.003 2.48 0.008 2.14 0.010
EPI vs GEN 3.48 0.003 3.62 0.003 3.28 0.003 2.1 0.003 2.17 0.008 1.95 0.158
EPI vs GEN (GEO) 2.80 0.003 3.12 0.003 2.75 0.003 2.00 0.034 2.15 0.008 1.99 0.158
PHEN vs EPI 4.81 0.320 3.20 0.736 7.43 0.031 3.48 0.494 2.45 0.831 4.47 0.235
PHEN vs EPI (GEO) 4.26 0.420 3.99 0.587 8.52 0.023 3.68 0.494 2.51 0.831 4.44 0.235
PHEN vs EPI (GEO + GEN) 5.15 0.320 4.27 0.587 8.41 0.023 4.36 0.349 3.42 0.791 4.50 0.235
EPI vs ENV 8.28 0.003 7.94 0.003 7.71 0.003 6.79 0.003 6.50 0.008 6.35 0.040
EPI vs ENV (GEO) 7.13 0.072 7.27 0.030 6.96 0.170 6.03 0.386 5.94 0.791 6.20 0.235
EPI vs LUI 2.26 0.012 2.28 0.030 2.26 0.023 1.97 0.023 1.77 0.791 1.84 0.235
EPI vs LUI (GEO) 2.1 0.320 2.12 0.326 2.25 0.043 1.88 0.245 1.74 0.791 1.89 0.235

(GEO) or (GEO + GEN) indicate whether the effects of spatial or genetic structure were accounted for before testing a specific relationship. The values are

the % variances explained by each model, followed by their FDR-corrected significance levels. P-values <0.05 highlighted in grey. MSAP-n,

nonmethylated; MSAP-m, methylated; MSAP-h, hemimethylated.

However, when we analysed the individual-level relationships
between the three types of variation through RDA, we found that
except for the hemimethylated loci in the glasshouse, epigenetic
and genetic variation were generally significantly related
(Table 1). When spatial autocorrelation was included, the
amounts of variance explained decreased, but the relationships
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remained significant. Moreover, the variance explained was gen-
erally lower in the glasshouse than in the field.

In contrast to epigenetic—genetic relationships, there was little
evidence of relationships between epigenetic and phenotypic vari-
ation. Only for MSAP-h loci in the field, phenotypic variation

was significantly related to epigenetic variation, and this
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relationship remained significant also after incorporating spatial
and genetic structure into the model.

Environmental correlates

We found a significant positive relationship between grazing
intensity and MSAP-m diversity in both field and glasshouse
plants (grazing main effect: #=11.6, P=0.001), and a significant
grazing-by-growing-environment interaction for MSAP-h diver-
sity (£=7.35, P=0.008), where a positive correlation was pre-
sent in the field but disappeared in the glasshouse (Fig.5;
Table S6). In addition, there also was a significant main effect of
mowing on MSAP-h diversity (F=5.20, P=0.025), and a mow-
ing-by-region interaction for MSAP-n diversity (F=5.98;
P=0.004) (Table S6). We found no significant land-use effects
in the analysis of genetic diversity.

Epigenetic variation was not only related to land use, it also
was significantly related to other environmental factors for all
MSAP loci types in the field and glasshouse. In the RDA analy-
ses, environmental descriptors explained some 6-8% of the epi-
genetic variation, following the same pattern as before: the
variation explained decreased from the more stable towards the
more unstable epiloci and was lower in the glasshouse than in
the field (Table 1). However, when spatial structure was included
in the model, only the relationship with MSAP-m in the field
remained significant. Epigenetic variation was also related to land
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Field populations

use in the RDAs, with significant relationships in the field for all
MSAP epiloci and in the glasshouse for MSAP-n. When geo-
graphical structure was included in the models, the only remain-
ing significant relationship was the one including the MSAP-h
epiloci in the field.

Discussion

The ecological and evolutionary role of epigenetic variation in
natural plant populations has received much attention in recent
years. Here, we studied the extent, structure and stability of epi-
genetic diversity and differentiation, and its genetic, phenotypic
and environmental correlates, in a large number of natural popu-
lations of Plantago lanceolata. We found low levels of epigenetic
variation and population structure, and a partly stable transmis-
sion of the signal into the next generation. The heritable part of
the epigenetic variation was consistently related to genetic and
environmental variation, and to the land-use intensity in the
studied grasslands, whereas the nonheritable part was associated
also with plant phenotype.

Extent, structure and stability of epigenetic variation

We found that overall levels of within-population epigenetic
diversity were rather moderate in natural populations of
P. lanceolata, and that the values for epigenetic diversity were
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generally lower than for genetic diversity. This is in contrast to
several previous studies which found higher epigenetic than
genetic diversity (Herrera & Bazaga, 2010; Lira-Medeiros ezal.,
2010; Richards eral, 2012, 2017; Medrano ez al., 2014; Schulz
etal., 2014). It is possible that this is mainly driven by the rela-
tively high within-population genetic diversity.  Plantago
lanceolata is wind-pollinated and an obligate outcrosser, and
these characteristics, together with enhanced dispersal through
livestock and vehicles in the studied semi-agricultural landscapes,
most probably result in high gene flow (which also is indicated
by the low levels of population differentiation, the high number
of polymorphic loci and extremely low number of private loci in
populations). This in turn maintains higher diversity in the more
stable amplified fragment length polymorphism (AFPL) loci,
whereas the less stable methylation-sensitive amplification poly-
morphism (MSAP) loci are partly homogenized within popula-
tions by the common environmental conditions. This idea is
supported by the differences between MSAP subepiloci types,
where within-population diversity decreases from the more stable
nonmethylated to the less stable methylated and hemimethylated
conditions.

Surprisingly, we found that genetic diversity (within popula-
tions) was significantly higher and genetic differentiation (among
populations) was lower in the glasshouse than in the field. A pos-
sible explanation is that we established the glasshouse experiment
from randomly selected seedlings, which, unlike their mother
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plants, had not undergone any selection, thus resulting in a
higher diversity in the F; generation.

Epigenetic differentiation between regions and populations
was generally low but nevertheless significant in all cases except
for population differentiation of MSAP-m in the glasshouse. In
contrast to the results with within-population diversity, popula-
tion differentiation was generally larger at the epigenetic level
than at the genetic level, with highest values for the least stable
(MSAP-h) markers. Again, these results are consistent with the
idea that epigenetic variation is generally more responsive to envi-
ronmental conditions, which on the one hand decreases diversity
within populations but at the same time increases divergence
between natural populations, relative to genetic variation.

The epigenetic differentiation observed in the field was not just
a result of short-term environmental induction, but much of it
was stably transmitted to the F; offspring, as shown by the analy-
sis of glasshouse data, the parent—offspring population compar-
isons, the locus-by-locus transmissibility analyses, and the
redundancy analyses including spatial eigenvectors. Although
population differentiation generally decreased in glasshouse
plants, it remained substantially larger at the epigenetic than the
genetic level, with strongest differentiation in MSAP-h markers.
In general, hemimethylated MSAP-h loci (reflecting CHG
sequence context) appear to be more responsive to the environ-
ment than methylated MSAP-m loci, but they also lose their dif-
ferences again more rapidly in a common environment. The
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transmissibility of DNA methylation observed in the different
conditions was in concordance with previous results from
A. thaliana (Schmitz et al,, 2013; Van Der Graaf ez al., 2015).

To our knowledge, our study constitutes the first rigorous test
of the stability of natural epigenetic variation through compar-
ison of wild plants and their common-garden offspring in a sexu-
ally reproducing nonmodel plant. Gao etal. (2010) compared
field and common-garden populations of the invasive alligator
weed (Alternanthera philoxeroides), but with vegetatively propa-
gated material originating from only three contrasting habitats.
The authors found a very low level of variation (¢. 5% polymor-
phic MSAP loci), but nevertheless 22% of the polymorphic loci
were transmitted from field to common garden. Other studies
quantified the heritability of stress-induced changes in a con-
trolled environment (Verhoeven ez al., 2010), or sporophyte-to-
pollen transmissibility of DNA methylation in the field (Herrera
etal., 2014), all without including both field and common gar-
den populations. In summary, we found weak but significant nat-
ural epigenetic population structure, and part of the population
differences in epigenetic diversity were maintained in a common
environment.

Relationships between epigenetic, genetic and phenotypic
variation

Besides characterizing the extent, structure and stability of natural
epigenetic variation in itself, another major goal is to understand
the (genetic and environmental) origins of this variation and its
ecological and evolutionary consequences. Here, we found con-
sistent significant relationships between epigenetic and genetic
variation, as well as some — albeit weaker — evidence for a rela-
tionship between epigenetic and phenotypic variation.
Depending on MSAP epilocus type and growing environment,
the genetic variation among Plantago individuals explained 2-3%
of the epigenetic variation in our study. Other field studies in
nonmodel plants (Herrera & Bazaga, 2010; Schulz ez al., 2014;
Foust ez al., 2016) found no relationships between epigenetic and
genetic variation at all, whereas (usually controlled-environment)
studies in the model plant A. thaliana generally showed strong
genetic control of DNA methylation variation (Dubin ezal,
2015; Kawakatsu ez al., 2016), which led to debate about the true
epigenetic nature of DNA methylation. Although the previous
nonmodel studies might have missed true genetic—epigenetic rela-
tionships because of the few MSAP and AFLP markers they used,
or because of their less controlled environmental conditions
which created additional stochastic and environmentally induced
epigenetic ‘noise’ and thereby made it more difficult to detect
such relationships, another explanation could be that epimuta-
tion rates in these species also could be several orders of magni-
tude greater than genetic mutation rates, as it has been shown in
A. thaliana (Schmitz et al., 2011), and thus the two types of varia-
tions diverged. However, the strong epigenetic—genetic associa-
tion in A. thaliana could be due to its unusual genomic and
epigenomic characteristics (i.e. small genome size and low global
DNA methylation (Alonso etal., 2015), transposable elements
(TEs) and DNA methylation around the

concentrated
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centromeres). Most other plants have larger genomes with more
TEs and DNA methylation along the whole chromosomes
(Mirouze & Vitte, 2014) making it very difficult to extrapolate
from A. thaliana to other species. It seems plausible that in the
majority of plants the truth lies somewhere in between, with a
strong genetic control of epigenetic variation but also some level
of independence of it. Here, we found some genetic—epigenetic
associations, but the total amount of epigenetic variation
explained by genetic variation remained low, most likely a conse-
quence of the extremely high degree of heterozygosity of the
P. lanceolata genome (A.-L. Laine, pers. comm.), mirrored by the
high polymorphism of AFLP loci and low variation among popu-
lations, and of the low resolution of MSAP and AFLP markers,
even though the number of markers used was close to the upper
limit of feasibility for these methods.

We also found some association between epigenetic and phe-
notypic variation. In the field data, some 8% of the combined
variation in five of the phenotypic traits could be explained by
variation in MSAP-h, the most unstable type of MSAP epiloci,
even after correcting for geographical and genetic variation.
However, these patterns were absent in glasshouse data, which
suggests that some of the phenotypic responses by which these
plants respond to environmental variation in the field might be
associated with underlying reversible DNA methylation changes.
Other studies in wild nonmodel populations also found natural
epigenetic and phenotypic variation to be related (Herrera &
Bazaga, 2010, 2013; Medrano etal, 2014), and studies with
A. thaliana epiRILs demonstrated a mechanistic relationship
between epigenetic variation and phenotypic variation (Cortijo
etal., 2014; Kooke etal, 2015). In the former ones, no com-
mon-garden measurements were part of the design, whereas in
the Arabidopsis studies the epigenetic—phenotypic relationships
proved to be heritable over several generations. From our data
this does not seem to be the case in P. lanceolata, which is infa-
mous for its high phenotypic plasticity (Warwick & Briggs,
1979), as well as high gene flow and heterozygosity.

Environmental correlates

Whether epigenetic variation is plastic, environmentally induced,
or stable, ultimately only a significant relationship with the envi-
ronment is proof that the observed variation is ecologically signif-
icant (Bossdorf eral, 2008). However, testing for such
environmental correlates in a large population sample requires
high-quality environmental data for all studied populations. We
were fortunate to be able to use the rich metadata from the Biodi-
versity Exploratories, which allowed us not only to relate epige-
netic to geographical and environmental variation, but also to
test the effects of mowing, fertilization and grazing intensity —
land-use processes that play a key role in the studied grasslands
(Fischer ezal., 2010; Bliithgen ezal., 2012). We found a consis-
tent and stable relationship between epigenetic and environmen-
tal variation that was maintained in the F; generation in a
common environment, suggesting that at least part of the
observed epigenetic variation might be related to environmental
of P lanceolata. The

adaptation epigenetic-environmental
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relationships mostly disappeared after spatial structure was incor-
porated into the models which indicates that not only epigenetic
variation, but also environmental factors were spatially autocorre-
lated and likely co-varied in space.

Epigenetic variation also was related to land use, albeit to a
much lesser degree than to other environmental variables. We
found grazing intensity to be positively related to epigenetic
diversity in the field. A possible explanation for this is that graz-
ing creates environmental heterogeneity which results in variable
epigenetic signatures of plant individuals. In contrast to mowing
and fertilization, which are applied rather homogeneously within
managed grasslands, grazing is a spatially heterogeneous process,
with irregular trampling patterns, selective removal of biomass,
and patchy deposition of nutrients from animal droppings
(Bakker et al., 1984; Adler et al., 2001; Socher et al., 2013). The
relationship was plastic — not maintained in the glasshouse — for
the hemimethylated MSAP loci, but it was stable for the methy-
lated loci, consistent with the different stabilities of the two
subepilocus types. Together, these results suggest that the graz-
ing-related MSAP-h variation might reflect plastic phenotypic
responses of Plantago lanceolata to land use, whereas the MSAP-
m variation might reflect past selection on stable epigenetic varia-
tion, and thus adaptive epigenetic differentiation in these plant
populations.

Of course, we only studied one offspring generation, so we
cannot distinguish between environmentally induced, transient
heritability — as has been found, for example, in A. thaliana
(Wibowo ezal., 2016) — from truly stable epigenetic variation.
Nevertheless, our study is the first demonstration of stable envi-
ronment—epigenetics relationship in natural populations of a sex-
ually reproducing nonmodel plant, and it is particularly
intriguing that we observed this relationship only between graz-
ing intensity and epigenetic but not genetic variation, demon-
strating that at least sometimes epigenetic variation has the
potential to provide truly novel insights.
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Table S1 Adaptor- and primer sequences used for AFLP and MSAP analyses.

Primer

Sequence

Adaptors

EcoRI-adapter top

EcoRI-adapter bottom

Msel-adapter top (AFLP)
Msel-adapter bottom (AFLP)
Hpall/Mspl-adapter top (MSAP)
Hpall/Mspl -adapter bottom (MSAP)

Preselective primers

EcoRI+ A
Msel + C (AFLP)
Hpall/Mspl (MSAP)

Selective primer AFLP

EcoRI + AAC-FAM!
EcoRI + ACA-VIC?
EcoRI + ACC-NED?
EcoRI + AGC-PET*
Msel + CTA'>?

Msel + CAG*

Selective primers MSAP

EcoR1+ AAC-FAM'**
EcoR1+ ACT- FAM*
EcoRI + ACA-VIC**
EcoRI + ACG-VIC™
Hpall/Mspl + CAA™
Hpall/Mspl + CAG®
Hpall/Mspl + CAT?**
Hpall/Mspl + CGA®
Hpall/Mspl + CTA?

5'-CTCGTAGACTGCGTACC-3'
5-AATTGGTACGCAGTCTAC-3'
5-GAGCGATGAGTCCTGAG-3'
3'-TACTCAGGACTCAT-5'
5-GATCATGAGTCCTGCT-3'
5'-CGAGCAGGACTCATGA-3'

5'-GACTGCGTACCAATTCA-3'
5' GATGAGTCCTGAGTAAC-3'
5-ATCATGAGTCCTGCTCGG-3'

5-GACTGCGTACCAATTCAAC-3'
5-GACTGCGTACCAATTCACA-3'
5'-GACTGCGTACCAATTCACC -3'
5-GACTGCGTACCAATTCAGC-3'
5' GATGAGTCCTGAGTAACTA-3'
5' GATGAGTCCTGAGTAACAG-3'

5-GACTGCGTACCAATTCAAC-3'
5'-GACTGCGTACCAATTCACT-3'
5-GACTGCGTACCAATTCACA-3'
5-GACTGCGTACCAATTCACG-3'
5-ATCATGAGTCCTGCTCGGTCAA-3'
5'-ATCATGAGTCCTGCTCGGTCAG-3'
5-ATCATGAGTCCTGCTCGGTCAT-3'
5-ATCATGAGTCCTGCTCGGTCGA-3'
5-ATCATGAGTCCTGCTCGGTCTA-3'

Superscript numbers indicate primer combinations used for the selective amplification



Table S2 Measures of genetic and epigenetic diversity in Plantago lanceolata. Number of loci: AFLP=545, MASP-n=560, MSAP-

m=430, MSAP-h=491

Shannon diversity (H')

Number of polymorphic loci

Number of private loci

AFLP MSAP-n  MSAP-m  MSAP-h AFLP MSAP-n  MSAP-m MSAP-h AFLP MSAP-n  MSAP-m  MSAP-h

F GH F GH F GH F GH F GH F GH F GH F GH F GH F GH F GH F GH

Alb max 0.28 0.28 0.24 023 0.16 0.15 0.14 0.11 165 168 146 139 105 98 75 58 2 1 3 4 6 5 4 7
mean 0.25 025 0.20 0.19 0.14 0.13 0.11 0.09 147 148 123 118 93 91 60 50 053 0.19 1.00 1.13 1.63 2.00 1.21 1.63

min 0.22 0.20 0.18 0.17 0.10 0.11 0.09 0.07 133 119 109 104 76 83 49 36 0 0 0 0 0 0 0 0

Hainich max 0.29 032 025 023 0.16 0.17 0.15 0.13 175 189 152 140 99 105 81 71 2 1 2 3 3 6 4 7
mean 0.25 026 0.21 020 0.14 0.14 0.13 0.11 148 157 127 122 8 92 67 57 046 025 0.69 1.05 138 1.75 2.08 1.95

min 0.20 0.23 0.18 0.17 0.12 0.10 0.10 0.08 120 135 111 103 77 77 54 44 0 0 0 0 0 0 0 0

Schorfheide max 0.29 032 0.24 022 0.18 0.17 0.16 0.11 172 188 147 133 110 102 84 59 2 2 4 2 5 6 4 4
mean 0.26 0.27 0.22 020 0.15 0.14 0.13 0.09 154 160 132 120 91 94 70 51 0.60 044 120 0.83 193 1.22 1.93 1.50

min 0.23 023 0.16 0.17 0.12 0.12 0.10 0.08 135 137 99 101 79 8 51 43 0 0 0 0 0 0 0 0

Overall max 0.29 032 025 023 0.18 0.17 0.16 0.13 175 189 152 140 110 105 84 71 2 2 4 4 6 6 4 7
mean 0.25 026 0.21 020 0.14 0.14 0.12 0.10 149 155 127 120 91 92 65 53 053 030 098 1.00 1.66 1.65 1.68 1.70

min 0.20 0.20 0.16 0.17 0.10 0.10 0.09 0.07 120 119 99 101 76 77 49 36 0 0 0 0 0 0 0 0

F: field populations; GH: glasshouse populations; MSAP-n, -m, -h: non-methylated, methylated and hemimethylated subepiloci, respectively; N: number of analysed loci.



Table S3 AMOVA results. P-values lower than 0.05 marked in bold and highlighted in grey.

AFLP MSAP-n MSAP-m MSAP-h
Among Within Among Within Among Within Among Within

pops pops pops pops
~ regions within pops regions within pops regions within pops regions within  pops

statistic regions regions regions regions
Field o 1.31  0.89 49.58 093 097 4245 039 032 21.96 0.32 032 21.62
Var % 2.53 1.72  95.75 2.09 2.18 95.73 1.73 142 96.85 1.42 142  97.16
P 0.001 0.002 0.001  0.001 0.001 0.001 0.001 0.029 0.001 0.001 0.011 0.001
Glasshouse ¢ 0.63 -042 51.65 0.62  0.63 39.98 020 0.06 21.17 0.09 036 17.51
Var % 122 -0.81 99.59 1.49 1.53 96.97 096 027 98.78 0.51 2.00 97.49
P 0.001 0.929 0.508  0.001 0.003 0.001 0.001 0.328 0.092 0.001  0.003 0.001

Among Among Among Among
regions \xrz)lc'zﬁlsn all regions V\I/)l(i)ill:l’lsn all regions VI;:;Elsn all regions \EI(Z}F;ISH all
regions pops regions pops regions pops regions pops
Field (] 0.025 0.018 0.043  0.021 0.022 0.043 0.017 0.014 0.032 0.014 0.014 0.028
Glasshouse 0.012 -0.008 0.004 0.015 0.016 0.030 0.010 0.003 0.012 0.005  0.020 0.025




Table S4a Regressions comparing epigenetic variation of parent and offspring populations. P-

values lower than 0.05 marked in bold and highlighted in grey.

AFLP MSAP-n MSAP-m MSAP-h

F P F P F P F P
Shannon's H'  parent 1.21 0278 9.03 0.005 8.18 0.007 7.35 0.010
region 3.14 0.055 048 0.621 3.82 0.031 14.80 0.000

parent:region 1.82 0.175 0.31 0.736 1.08 0350 0.63 0.539

Nei's distance parent 40.29 0.000 69.02 0.000 50.56 0.000 53.87 0.000
region 11.19 0.000 13.40 0.000 4.63 0.014 12.72 0.000
parent:region 1.25 0297  0.27 0.763  0.01 0987 0.83 0.444

Table S4b Locus-by-locus transmissibility. In AFLP, considering the shared absences is
meaningful, as they do represent an allele; in case of MSAP, however, they are not informative.

Values considered afterwards are in bold.

Shared absences AFLP MSAP-n MSAP-m MSAP-h
Yes 85.87% 89.33% 91.73% 93.07%
No 67.23% 56.94% 51.79% 40.09%

Table S5 Correlation test results between epigenetic and genetic diversity, and between

epigenetic and phenotypic diversity.

FIELD GLASSHOUSE
MSAP-n MSAP-m MSAP-h MSAP-n MSAP-m MSAP-h
r P r P r P r P r P r P
Genetic diversity 0.18 0.23 0.11 046 0.29 0.05 0.14 0.329 0.220 0.118 0.160 0.260

Phenotypic diversity  0.14 0.37 -0.03 0.87 0.18 0.25 -0.02 0.867 0.11 0.415 -0.09 0.498




Table S6 Results of GLM analyses of land use effects on epigenetic and genetic diversity. P-
values lower than 0.05 marked in bold and highlighted in grey.

Marker AFLP MSAP-n MSAP-m MSAP-h
Source F P F P F P F P
Mowing 0.58 0.448 0.62 0.432 0.51 0.478 5.20 0.025
Fertilisation 0.25 0.620 0.17 0.679  0.02 0.892 0.81 0.371
Grazing 3.53 0.064 293 0.091 11.59 0.001 0.48 0.490
Region 3.35 0.040 1.82 0.169 2.39 0.099 4.72 0.012

Growing Environment (GE) 4.52 0.037 13.34 0.000 3.65 0.060 92.20 0.000

Mowing * Region 2.08 0.132 598 0.004 1.25 0.294 0.16 0.854
Fertilisation * Region 0.98 0.382 1.67 0.195 0.91 0.408 1.28 0.284
Grazing * Region 0.85 0.431 0.61 0.548 0.69 0.504 1.63 0.203
Mowing * GE 0.04 0.848 1.42 0.237 0.19 0.666 1.41 0.238
Fertilisation * GE 0.65 0.422 289 0.093 0.20 0.658 0.94 0.336
Grazing * GE 2.58 0.112  0.47 0.494 0.01 0.939 7.35 0.008
Region * GE 0.67 0.516  0.20 0.820 0.34 0.714 2.20 0.118
Mowing * Region * GE 0.28 0.760 1.24 0.295 0.46 0.632 1.09 0.341
Fertilisation * Region * GE ~ 0.37 0.691  0.73 0.483 0.38 0.686 0.43 0.655
Grazing * Region * GE 0.37 0.695 130 0.278 1.03 0.361  1.66 0.197
Model R? 0.28 0.39 0.28 0.63

Growing environment: field or glasshouse



Methods S1

AFLP and MSAP protocol, adapted from Schultz et al. (2014).

For restriction and ligation (RL) 5.2 pl genomic DNA were combined with 5.8 ul RL reaction
mix containing 0.55 pl BSA (1 mg/ml; New England Biolabs, NEB), 1.1 pl 0.5 M NaCl, 5 u
EcoRI (NEB), 1 u Msel (NEB), 67 u T4 DNA ligase (NEB), 1.1 ul T4 DNA ligase buffer (NEB),
1 ul EcoRI adapter (5 pmol) and 1 pl Msel adapter (50 pmol). The reaction was incubated for 2 h
at 37 °C and diluted 1:5. For the preselective amplification (PCR1), 4 ul RL product were
combined with 16 ul PCRI1 reaction mix containing 1.5 ng/ul EcoRI- and Msel preselective
primers each, 200 uM dNTPs (Roth), 2 ul 10 x Dream Tag buffer (QIAGEN), 0.8 u Dream Taq
polymerase (QIAGEN) and 9.84 pl H,O. The thermocycler protocol was 72.0°C (2 min)
followed by 20 cycles of 94.0°C (20 s), 56.0°C (30 s) and 72.0°C (2 min) and a final extension at
60.0°C (30 min), performed on an Eppendorf Mastercycler gradient. The PCR1 product was
diluted 1:5. For the selective amplification (PCR2), 2.2 ul PCR1 product was combined with 7.8
ul PCR2 reaction mix containing 5 pl Multiplex PCR kit (QIAGEN) and 1.4 pl fluorescent
labeled EcoRI primer (1 pmol/ul) and 1.4 pl Msel (5 pmol/ul) selective primers each. The
thermocycler protocol was 94.0°C (2 min) followed by 10 cycles of 94.0°C (20 s), 66.0°C (30 s,
decreasing 1°C per cycle) and 72.0°C (2 min) and 20 cycles of 94.0°C (20 s), 56.0°C (30 s) and
72.0°C (2 min), and a final extension at 60.0°C (30 min), performed on an Eppendorf
Mastercycler pro 384.

The MSAP protocol was almost identical with the AFLP protocol, except exchanging the
restriction enzyme Msel by 5 u Hpall or Mspl (Fermentas) and replacing the Msel adaptor and

primers by the respective Hpall/Mspl adaptor and primers in equal concentrations.

After an initial screening of 32 primer pairs, eight selective primer combinations (Supplementary
Table S1) were chosen for MSAP analyses. Separation and visualization of the fragments was
done on a ABI 3130 capillary sequencer (Applied Biosystems, Foster City, USA) with Genescan
500(-250) LIZ internal size standard (Applied Biosystems). GENMAPPER version 5.0 (Applied
Biosystems) was used to analyze the AFLP profiles. Binning of fragments was done manually
for all samples in one batch using a peak height threshold of 10 rfu. Peak height data were

exported and for each fragment a specific peak height threshold was manually determined based



on the peak height distribution which allowed scoring presence (1) and absence (0) of fragments.
All loci that showed a monomorphic pattern or a deviation in only one individual were excluded
from the data set to prevent biased parameter estimation. Error rate estimation was based on 40

replicate samples (12%) that were repeated, starting from the same DNA extracts.

Reference:
Schulz B, Eckstein RL, Durka W. 2014. Epigenetic variation reflects dynamic habitat
conditions in a rare floodplain herb. Molecular Ecology 23: 3523-3537.
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Rapid evolution in managed grasslands: different land-use
regimes are associated with contrasting phenotypes in
Plantago lanceolata

Bence Gaspar, Walter Durka, Oliver Bossdorf
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Abstract

Land-use intensification is a major driver of biodiversity declines, and it is known to
decrease species numbers and alter community composition of managed
grasslands. An open question is whether similar impacts occur within species, i.e.
whether grassland management affects also the genetic diversity of plant
populations and alters their genetic composition, possibly reflecting adaptation to
land use. To address these questions, we sampled 61 populations of the common
grassland herb Plantago lanceolata that covered a broad range of land use
intensities in the German Biodiversity Exploratories, and we grew their offspring in a
common environment to quantify variation in plant size, architecture, reproduction,
and leaf economy. All measured traits harboured substantial heritable variation, and
six out of nine traits showed population differentiation. Interestingly, several traits
were significantly correlated with land use intensity, but with opposing trends for
mowing versus grazing: Increased mowing intensity was associated with larger plant
size and lower specific leaf area (SLA), which may reflect evolutionary responses to
increased light competition and a lesser need for resource conservation in highly
productive meadows. In contrast, increased grazing intensity tended to be
associated with smaller plant size and higher SLA, a phenotype syndrome known
from grazing lawns. Moreover, we found that land-use intensification also affected
genetic diversity, again with opposing effects for mowing versus grazing: while
increased mowing was associated with decreased levels of intrapopulation
phenotypic variation, the opposite was true for increased grazing intensity. In
summary, land use intensification has not only already caused rapid evolutionary
changes in these grassland populations, it also affects their future evolutionary

potential.

Key words: fertilisation, genetic differentiation, grassland management, grazing,

mowing, plant size, rapid evolution, specific leaf area.
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Introduction

Human activity is radically changing the global environment, and it is causing
substantial biodiversity declines in all biomes. Recent estimates suggest that species
richness has globally decreased by an average of 13.6% since the 16th century, with
the greatest declines in the 19th and 20th centuries, and a predicted further 3.4%
loss until the end of this century (Newbold et al. 2015). Among the many factors
contributing to these biodiversity losses, the conversion of natural ecosystems to
managed land and the intensification of existing land use practices are among the
strongest ones (Sala et al. 2000; Foley et al. 2005).

While natural biodiversity is impacted by humans, the mechanisms of
evolutionary change never cease, new diversity continuously emerges through
mutation, and existing diversity is modulated through genetic drift, migration and
natural selection. Plant species with broad environmental ranges can be under
divergent selection in different environments, and indeed, local adaptation has been
widely documented, especially in species with larger populations (Leimu & Fischer
2008). These contrasting environments need not necessarily be located far from
each other; in heterogeneous environments divergent selection and local adaptation
can take place at very small scales (Linhart & Grant 1996), as it has been shown for
example in heavy metal-contaminated soils (Antonovics 1971; Jiménez-Ambriz et al.
2007), or even for small-scale herbivore abundances (Dirzo & Harper 1982). Another
type of biotic interaction that can create such heterogeneous mosaics are land-use
practices in anthropogenic agricultural landscapes, which might strongly differ
between neighbouring pieces of land.

Subsistence pastoral systems and the grazing of grasslands by livestock dates
back to over 11.000 years, while mowing of meadows for haymaking — a prerequisite
for feeding domesticated animals year-round — can be traced back to around 1000
BC (Briggs 2009). Both land-use practices strongly affect the composition of plant
communities, however in different ways. Mowing generally creates a uniform, low-
canopy, high-light environment, while grazing is heterogeneous on various scales
through the selective removal of biomass, and by trampling and depositing dung and

urine in patches (Gibson 2009). Researchers repeatedly documented evolutionary



Rapid evolution in managed grasslands 51

responses to different grassland management regimes, starting as early as the
1920’s (Stapledon 1928), in classical work from English grasslands and the Park
Grass Experiment (e.g. Warwick & Briggs 1979; Davies & Snaydon 1976; Silvertown
et al. 2006), and in more recent and contemporary studies (e.g. Suzuki 2008).
However, most previous studies included few populations and coarse categories of
land-use types, with some exceptions such as two recent studies from the German
Biodiversity Exploratories (Voller et al. 2013; 2017).

The Biodiversity Exploratories (www.biodiversity-exploratories.de) are a long-

term research platform designed for studying the relationships between land use,
biodiversity and ecosystem functioning. They provide networks of large numbers of
standardised grassland and forest plots across three regions in the north, middle and
south of Germany (Fischer et al. 2010). In the grassland plots, the intensities of
mowing, fertilisation and grazing are precisely documented for each plot through
annual inventories, providing unique opportunities for studying many populations of
the same species along broad gradients of land-use intensities (Blithgen et al.
2012).

Previous studies of land use effects on species diversity often found that
species richness of plants decreases with increasing land use intensity, as less
competitive species are excluded by dominant competitors at higher nutrient
availability (Bluthgen et al. 2012). It is still unclear, however, whether similar
processes take place at the intraspecific level (Vellend & Geber 2005). In the
Biodiversity Exploratories, intraspecific trait variation of grassland plants has been
recently studied through a phytometer approach (Herz et al. 2017), where multiple
species were planted into different plots to demonstrate that changes in land use
intensity can create substantial variation in phenotypic traits. However, while this
study controlled for plant genotypes to estimate only the plastic components of
intraspecific variation, the opposite approach is required if we want to understand
adaptation and evolutionary potential: a common-garden approach where genotypes
from different origins are planted under controlled environmental conditions, so that
only the heritable component of intraspecific variation is remaining. This is the

approach we chose for our study with Plantago lanceolata.
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We chose to work with Plantago lanceolata, because it is one of the most
widespread grassland species in the Biodiversity Exploratories. Although there has
been previous work on P. lanceolata in the context of intraspecific variation and land
use (Kuiper and Bos 1992), this work was usually restricted to few populations and
coarse comparisons of land use types (Warwick & Briggs 1979; van Groenendael
1986; Wolff & Van Delden 1987; van Tienderen & van der Toorn 1991). Here, we
studied heritable phenotypic variation in 61 grassland populations of P. lanceolata
from a broad range of (precisely known) intensities of mowing, fertilisation and
grazing. We asked the following questions: (i) Do the studied populations harbour
significant heritable intraspecific variation? (ii) If yes, how are the mean phenotypes
related to land use intensity? (iii) Does land-use intensification also affect the within-

population diversity of phenotypic traits?

Materials and Methods

Plant material and common-garden experiment

Plantago lanceolata L. (Plantaginaceae) is a very common Eurasian grassland
rosette herb, distributed over broad geographic and environmental gradients. It is
also among the commonest plant species in the Biodiversity Exploratories, occurring
on 70% of the grassland plots. The sampling design and experimental setup are
depicted and described in detail in Gaspar et al. (2019). Briefly, in September 2015,
we collected ripe seeds from altogether 61 plots across the three regions of the
Biodiversity Exploratories. We used these seeds to establish a common-garden
experiment in a greenhouse at the University of Tubingen. The experiment had a
randomised block design with three seedlings from each of four mother plants (= four
maternal seed families) per sampled plot (total N = 741). It was maintained under a
16 h/8 h day/night cycle at 21°C/15°C. After 10 weeks, we harvested all plants,
scanned five leaves per plant for further analyses, and dried all plant material at
70°C for at least 72 h. To quantify intraspecific variation in plant size, architecture,
reproduction and leaf economy, we measured the following phenotypic traits: (1)
aboveground biomass, (2) length of the longest leaf, (3) plant height, (4) the shape

(width:length ratio) of leaves and (5) their specific leaf area (SLA; area of five leaves
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divided by their dry weight), (6) the ‘growth habit’ of the plants (rosette height:width
ratio), (7) onset of flowering, (8) number of inflorescences, and (9) reproductive

allocation (reproductive:total aboveground biomass ratio).

Data analysis

We used the R statistical environment (R Development Core Team 2008) for all
statistical analyses. Prior to the main analyses, we z-transformed (standardised) all
nine response variables by subtracting the mean and dividing by the standard
deviation. To simplify our subsequent analyses, and to account for all differences
between regions that were of no interest to our study (e.g. altitude, latitude, etc.), we
then fitted a linear model for each variable with regions of origin and experimental
blocks as main effects, and we used the residuals from these models in all analyses
described below (Manning et al. 2015; Soliveres et al. 2016). To explore overall
phenotypic similarities and visualise our data, we ran a principal component
analyses (PCAs) on the maternal seed family-level aggregated data using the vegan
package (Oksanen et al. 2017). Next, we tested for heritable variation in phenotypes
with two approaches: First, we used the Ime4 package (Bates et al. 2015) to fit
mixed-effects models that included populations of origin as fixed effect and maternal
seed families as random effect. In these models, any significant effect indicates
resemblance among relatives and thus heritable variation in a trait. In a second
approach, we calculated narrow-sense heritabilities for each trait and population as
h? = Va/l (Va+ Ve) = 4Veam / (4VEam + Ve), where Va is the additive genetic variance
that is equal to four times the variance among families (Vrawm) in half-sib experimental
setups, and Vt is the residual variance (Petit et al. 2001). However, the obtained h?
values showed a zero-inflated distribution (data not shown), probably because the
data were based on only three individuals per family and four families per population
— an inevitable consequence of our aim to maximise the number of populations while
keeping the total number of samples at a manageable level. As an alternative, we
also calculated the phenotypic diversity for each trait and population as the standard
deviation of the family-level means within a population. h> and phenotypic diversity

turned out to be strongly correlated in all traits (r= 0.323 to 0.751, all P <0.001), and
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we therefore used the phenotypic diversity in all further analyses. Finally, to explore
relationships between land use intensity and phenotypic traits, we added the vectors
of mowing, fertilisation and grazing to the PCAs with the envfit function in the vegan
package, and we related population-level trait means (first aggregated at the family
level) or phenotypic diversities, respectively, to mowing, fertilisation and grazing
intensity by running separate linear models for each trait and land use component.
We corrected all P-values for false discovery rates (FDR). The land-use intensity
data comes from yearly inventories in the Biodiversity Exploratories, and is based on
the number of mowing events, the amount of nitrogen added per hectare, and the
number of grazing animals (livestock units) per hectare in a year (for more details
see Blluthgen et al. 2012).

Results

The mixed-effect models showed significant population differentiation in six out of the
nine studied phenotypic traits, and there were significant maternal seed family
effects — indicating heritable variation within populations — in all of the measured
traits (Table 1). Across traits, an average of 6.4% of the variance (range 2—11%)
resided among populations, and 14.6% (range 11-26%) among families within
populations. The first two axes of the principal component analysis explained 55.3%
of the multi-trait phenotypic variance and were associated with different traits (Figure
1 and Table 1). Moreover, the PCA indicated three groups of closely related traits:
(1) the reproduction-related traits of flowering time, number of inflorescences and
reproductive allocation, (2) aboveground biomass and SLA, which were negatively
correlated, and (3) the remaining traits, all related to plant architecture and leaf
shape.

When we related population-level phenotypic variation to land use intensity, we
found the strongest patterns for mowing intensity: at higher mowing intensities,
plants were taller, had longer leaves and a greater biomass, but a lower specific leaf
area (Table 2). There were also positive relationships between fertilisation and
biomass, and between grazing intensity and specific leaf area, but these did not

remain statistically significant after correcting for false discovery rates (Table 2). An
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intriguing general pattern was that the signs of relationships tended to be opposite
for grazing versus mowing and fertilisation (Table 2). For instance, high population-
level values of specific leaf area were associated with low levels of mowing intensity
but high levels of grazing intensity (Fig. 2). The pattern was further supported by the
PCA, where the vectors for mowing and fertilisation versus grazing had opposite
directions (Fig. 1), i.e. they were associated with contrasting multi-trait phenotypes.
There were also several patterns of relationships between land use intensities
and within-population trait diversities, particularly for mowing intensity (Table 3).
Although none of these remained statistically significant after FDR correction, there
was again an overall pattern that effects were in opposite directions for grazing
versus mowing and fertilisation. While higher intensities of mowing and fertilisation
were generally associated with lower phenotypic diversity, the opposite was true for

increasing grazing intensity (Table 3, Fig. 3).

Discussion
Land use intensification and its ecological and evolutionary consequences are
important research topics in current evolutionary ecology. Here, we investigated
whether the common grassland plant Plantago lanceolata is undergoing evolutionary
changes in response to land-use intensification. We found substantial heritable
phenotypic variation — indicating evolutionary potential — in all studied traits, and that
there were some significant associations between phenotypes and land use
intensity. Most interestingly, throughout our analyses, mowing and fertilisation
tended to be associated with contrasting phenotypes, and they also had opposing
effects on within-population phenotypic diversity, suggesting that these two land use
processes have fundamentally different effects on the evolution of these plant
populations.

Several previous studies already studied intraspecific variation of P. lanceolata
(e.g. Sagar & Harper 1964; Warwick & Briggs 1979; Kuiper & Bos 1992), or
relationships between intraspecific variation and environment of origin. One classic
study showed substantial population differentiation as well as within-population

variation in five reproductive traits among eight natural P. lanceolata populations
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(Primack & Antonovics 1981). Other studies found strong heritable differences
between plants from two closely located contrasting habitats (van Groenendael
1986), and even local adaptation with consistent better survival at the home site
(Van Tienderen & van der Toorn 1991). Another previous study found substantially
higher population differentiation in four of the traits we also measured (Wolff & Van
Delden 1987). However, some of this discrepancy may result from differences in
experimental design, since Wolff & Van Delden (1987) studied F2 plants from full-sib
families (from only two pastures and two meadows), whereas we worked with F1
individuals from half-sib families that — as a result of wind pollination and obligate
outcrossing — still contained random paternal alleles, and therefore harboured
greater within-population variance. In summary, while estimates of phenotypic
variation tended to be lower in our study than in some previous studies on P.
lanceolata, our results confirmed the existence of significant, and potentially

adaptive, heritable variation in phenotype.

Land use and population-level phenotypic trait means

When examining patterns of phenotypic variation in relation to land use intensity, the
most intriguing result were the contrasting effects with regard to grazing and mowing.
Plants originating from sites with high mowing intensity were in general larger (in
terms of aboveground biomass, length of the longest leaf and height of the longest
inflorescence stalk) and they had a lower specific leaf area, whereas plants from
sites with high grazing intensity tended to be smaller, with higher SLA. These
opposite effects of the two land use types consistently appeared across almost all of
the measured traits. Trait relationships with fertilisation intensity followed mostly the
same direction as mowing; it is well known from the Biodiversity Exploratories that
these two land-use components are strongly correlated (Blithgen et al. 2012). There
are some previous studies of P. lanceolata comparing different land use types (van
Groenendael 1986; Wolff & Van Delden 1989; Kuiper & Bos 1992) which also found
that a prostrate growth habit with more dormant seeds is associated with grazing,
whereas in meadows there are taller and larger plants with more, readily germinating

seeds. However, these studies compared only a handful of sites with discrete
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categories of land use, often confounded with other environmental factors (e.g.
grazed sand dunes vs. wet, nutrient-rich hayfields). Our study corroborates these
findings across a much larger number of natural populations and broad gradients of
mowing and grazing intensities. Similar to ours, other studies from the Biodiversity
Exploratories showed that patterns of phenotypic trait differentiation were strongest
in relation to mowing (Voller et al. 2013; Voller et al. 2017).

We found that lower values of specific leaf area were associated with larger
plants and more intense mowing, but that SLA increased with decreasing plant size
and increasing grazing. At first glance this result is surprising because higher SLA is
in generally thought to be associated with higher relative growth rate, leaf nitrogen
content and shading (Lambers & Poorter 1992). However, most of these
relationships have been observed across species, often with a strong emphasis on
woody species (Wright et al. 2004; Poorter et al. 2009; Diaz et al. 2016). Several
previous studies quantified intraspecific variation in SLA but only the plastic
components of it, or were unable to separate plastic and heritable components, e.g.
where intraspecific variation was measured in different habitats in the field (e.g.
Shipley & Almeida-Cortez 2003; Bilton et al. 2010; Hulshof et al. 2013; Jung et al.
2014). We are aware of only one other study explicitly focusing on heritable
intraspecific variation in SLA in a grassland plant: Scheepens et al. (2010) conducted
a reciprocal transplant experiment with Campanula thyrsoides across different
altitudes, and they found that there was significant heritable differentiation in SLA
among populations.

Some previous studies might help to explain the observed relationships
between SLA, plant size and land use. A multi-species study across 157 species
showed that in the majority of these, including 14 out of 20 studied herbaceous
species, SLA decreased with increasing leaf area (Milla & Reich 2007). The authors
explained this by the increased need for structural support in larger plants. In the
Biodiversity Exploratories, more intensely mown plots are usually also more fertilised
(Blithgen et al. 2012), with more intense competition for light (Kuiper & Bos 1992,
page 273), resulting in larger and taller plants that must invest more in structural

support, thereby decreasing SLA. On the mown plots, nutrients are readily supplied
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by fertilisation, so there is no selection for resource conservation, but the race for
light — following each mowing that “cleans the slate” homogeneously across the
whole plot — might select for taller plants with bigger and stronger leaves. Another
reason why SLA of P. lanceolata is positively related to grazing could be that the trait
is functionally related to herbivory. Plants with high SLA are often not only shorter-
lived but also more palatable (Reich et al. 1999; Poorter et al. 2009). If these plants
have a high tolerance of grazing, i.e. they regrow better than competitors or even
overcompensate, then grazing will select for high SLA. In a multispecies study from
southern Patagonia, Cingolani et al. (2005) indeed showed that a positive feedback
loop can increase the abundance of preferentially eaten plants. They argued that this
generally requires three conditions to be met: high levels of grazing tolerance,
herbivore preference, and high resource availability. P. lanceolata is known to be
grazing-tolerant but preferentially grazed by cattle and sheep (Sagar & Harper 1964).
It is therefore possible that this explanation is relevant for our study system, and
grazing selects for small but rapidly regrowing genotypes with high SLA.

We did not find land-use related population differentiation in growth habit
(related to leaf angle), as it was the case in earlier studies of Plantago lanceolata
(van Groenendael 1986; Wolff & Van Delden 1989). One explanation for this could
be that our F1 plant material with random fathers had too high levels of within-family
variability, compared to several generations of selective breeding in a previous
experiment that found strong heritability of this trait (Wolff & Van Delden 1989).
Another explanation might be that, unlike previous studies with simple comparisons
of land-use categories, we analysed gradients of land-use intensity, and

relationships between leaf angle and land use might be complex or non-linear.

Genetic diversity in phenotypic traits

All phenotypic traits analysed in our study showed significant variation at the level of
seed families within populations, which allowed us to examine relationships between
within-population phenotypic diversity and land use. We found that mowing generally
decreased phenotypic diversity, while grazing tended to increase it. The most likely

explanation for these contrasting results is that mowing and fertilisation generally
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homogenise environmental conditions across a meadow, whereas grazing creates
heterogeneity and a greater diversity of microhabitats (Bakker et al. 1984). Although
the extent of the heterogenising effect of grazing depends on the quality of grazing
(e.g. livestock density and selective browsing of different livestock species), the
spatial structure of vegetation, and the scale of study (Adler et al. 2001), pastures as
the ones studied here typically experience more heterogeneous biomass removal,
nutrient supply, disturbance, and competition than similar, but mown, grasslands
(Bakker et al. 1983; Bakker et al. 1984; McNaughton 1984). Further evidence for this
comes from a recent study in the Biodiversity Exploratories that found land use,
especially mowing intensification, to cause biotic homogenisation across 12 trophic
groups (Gossner et al. 2016). In summary, we found that increased mowing
decreased within-population phenotypic diversity in Plantago lanceolata populations,
but that the opposite was true for increased grazing, and we suggest that these
contrasting results are explained by the heterogenising qualities of grazing versus

homogenising effects of mowing and fertilisation.

Conclusions

Our study demonstrates that increased mowing and grazing affects evolution and
diversity of phenotypes in a common grassland plant. On the one hand, different
land use practices were associated with contrasting multi-trait phenotypes, most
likely reflecting adaptation to the selection regimes exerted by these land use
practices. On the other hand, mowing and grazing had opposing effects on within-
population diversity, presumably because mowing makes habitat conditions more
homogenous whereas the opposite is true for grazing. Taken together, land use
intensification not only causes rapid evolution of phenotypes in the studied grassland

populations, but it also affects their future evolutionary potential.
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Figure 1. PCA biplot based on maternal seed family-level means of nine phenotypic

traits measured in Plantago lanceolata in a common environment. Three land-use

component vectors are fitted to show correlations between these and the

phenotypes.
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Figure 2. Relationships between land use intensities and average specific leaf area
across 60 grassland populations of Plantago lanceolata. Mowing and grazing
intensities are calculated from the yearly frequency of mowing and grazing animals
per hectare, respectively. The fitted generalised linear models (GLMs) and 95%

confidence intervals are shown as solid lines and grey shading, respectively.

1.01

0.51

Specific leaf area

0 1 2 3 0 1 2 3 4
Mowing Intensity Grazing Intensity



Rapid evolution in managed grasslands 71

Figure 3. Relationships between land use intensities and the within-population
diversities of specific leaf area across 60 grassland populations of Plantago
lanceolata. Mowing and grazing intensities are calculated from the yearly frequency
of mowing and grazing animals per hectare, respectively. The fitted generalised
linear models (GLMs) and 95% confidence intervals are shown as solid lines and

grey shading, respectively.
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Chapter IV

Intraspecific variation in land use-related functional traits
in Plantago lanceolata

Bence Gaspar, Oliver Bossdorf, Madalin Parepa
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Abstract

Intraspecific variation in functional traits is essential for the evolutionary success of
organisms. The co-variation between ftrait variation and environment, as well as
between different traits, can help us to understand which ecological factors drive
habitat adaptation, and to what extent adaptation may be constrained by trait
correlations and trade-offs. In managed grasslands, plants experience a combination
of competition, recurrent biomass damage and nutrient pulses. Each of these
ecological challenges requires specific plant tolerances, and populations should
locally adapt if intraspecific variation exists in these traits. Here, we studied variation
in land use-related traits in the common grassland plant Plantago lanceolata. In a
common environment, we quantified the competitive ability (R*), clipping tolerance
and responses to a nitrogen pulse of plants from 54 populations with different land
use intensities across Germany. We found significant population differentiation in
competitive ability but there was little evidence that trait variation was related to land
use intensity. There was a positive relationship between competitive ability and
clipping tolerance at the population level, indicating a genetic, and possibly
functional, link between these two traits. In contrast, clipping tolerance and nitrogen
responses were negatively correlated at the levels of plant individuals, indicating a
physiological trade-off between plant responses to these two land-use processes.
Our results show that there is substantial intraspecific variation in some of the key
functional traits for plant success in managed grasslands, and that rapid evolution

and adaptation is therefore possible in these traits.

Key words: competitive ability, fertilisation, genetic differentiation, grassland

management, grazing tolerance, mowing, nutrient pulses, rapid evolution.
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Introduction

Understanding evolution in response to land use in grassland plants is of great
interest because of the wide distribution and economic importance of these
ecosystems, and because land use change is the strongest driver of global change
(Foley et al., 2005, Diaz et al., 2019). Already from the early 20th century, grassland
researchers showed that different management regimes resulted in rapid
evolutionary changes in a range of grassland species. For instance, in a common-
garden collection of over 400 Dactylis glomerata ecotypes, Stapledon (1928) found
that there were persistent growth form differences between plants from different
kinds of pastures and meadows. Later, Warwick and Briggs, in their classic studies
on the “genecology of lawn weeds”, found similar results for several grassland
species, e.g. dwarf, prostrate morphotypes originating from frequently mown lawns,
and more erect ones in neighbouring populations that lacked the frequent mowing
(Warwick & Briggs 1978, 1979). Evolution in response to land use was also found in
the famous long-term Park Grass Experiment where Snaydon and Davies (1976)
demonstrated local adaptation of Antoxanthum odoratum to different fertilisation and
liming treatments (see also Davies & Snaydon 1973, 1976). In all of these classic
studies, however, researchers compared simple categories of land use such as
pastures versus meadows, or different types of fertilisation regimes, whereas finer-
resolution analyses of land use processes are still rare. Moreover, previous studies
usually focused on traits relevant for agriculture, such as yield, growth form and
phenology, whereas other ecologically relevant functional traits received less
attention.

From a plant eye's view, three of the key processes in grasslands are (1)
competition with neighbouring plants, (2) the temporary nutrient pulses created by
animal droppings or fertilisation, and (3) the regular disturbance and biomass
removal imposed by mowing or grazing. The abilities of plants to compete with
neighbours, exploit nutrient pulses, and tolerate biomass removal are thus important
functional traits in grassland plants. First, competition ultimately reduces the survival,
growth or reproduction of an individual plant (Aarsen & Keogh, 2002). Interspecific

differences in competitive ability have been widely documented in the literature (see
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for example competitive hierarchies, Keddy, 1990; variation in plant communities,
Aarssen, 1992; or species coexistence, Tokeshi, 2009). Plant competitive ability can
be measured in many ways (Aarssen & Keogh, 2002), and at the species level, it
appears to be particularly their ability to persist at low nutrient levels that makes
plants outcompete others (resource ratio hypothesis; Tilman 1985). The significance
of the so-called R* value of species — the lowest resource level that allows
persistence — has been proven by many experimental studies at the species level
(Wilson et al., 2007). Competitive ability measured by other means has been
examined at the intraspecific level, and although the existence of a genetic
component and selective agency of neighbouring plants has been established, it is
hard to assess the evolutionary implications of competition because of the many
interacting — abiotic and biotic — factors (Cheplick, 2015); R*, however, has not been
examined at the intraspecific level so far. Second, many ecosystems experience
fluctuating resource availability e.g. in the shape of snowmelt, seasonal weather
events, fires, mass fruiting of plants (Ostfeld & Keesing, 2000), and human activity is
especially associated with such pulses, either indirectly through the exacerbation of
extreme climatic events (Coumou & Rahmstorf, 2012), or more directly through
intentional nutrient deposition in agricultural landscapes. These pulsed resources
have profound effects on population dynamics across entire communities and trophic
networks (Gratton & Denno, 2003; Yang et al., 2008) as well as across generations
(Miao et al., 1991). Plants often benefit from them (Bilbrough & Caldwell, 1997), and
they can even lead to the promotion of invasive species (Parepa et al., 2013). Plant
responses to nutrient pulses have nevertheless not been investigated so far on the
intraspecific level. Third, while the radical removal of plant biomass clearly reduces
fitness, moderate herbivory can leave it unaffected, or in the case of
overcompensation, it can even lead to increased fithess (McNaughton, 1983;
Strauss & Agrawal, 1999). Tolerance to biomass damage has been extensively
researched, and heritable variation within and among natural populations have been
repeatedly demonstrated (e.g. Bergelson & Crawley, 1992; Agrawal, 1998; Strauss &
Agrawal, 1999; Johnson, 2011), although rarely in relation to land use (but see
Lennartsson et al., 1997, 1998).
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While all of the three functional traits are expected to be important for success
in managed grasslands, it seems unlikely that plants can evolve towards
improvement in all of them simultaneously. Increased competitive ability (= lower R”)
requires greater resource-efficiency, while stronger responses to nutrient pulses are
only possible if plants are on the faster (= less resource-efficient) side of the fast-
slow plant economy spectrum (Reich, 2014). Tolerance to biomass removal is
usually based on belowground storage of resources, which also means that part of
the resources is not available for other purposes anymore. In general, we should
expect evolutionary trade-offs (Agrawal et al., 2010) between the three functional
traits, and that the specific phenotypes evolving in different grasslands depend on
the intensities of fertilisation versus mowing and grazing damage.

We addressed these questions the framework of the Biodiversity Exploratories

project (www.biodiversity-exploratories.de), a large-scale and long-term network of

ecological study sites for understanding the relationships between land use,
biodiversity and ecosystem functioning. The project includes 150 grassland plots
across Germany (Fischer et al., 2010), with 50 plots in each of the three regions
Schorfheide-Chorin  (northern Germany), Hainich-Din (central Germany) and
Schwabische Alb (southwest Germany). Within each region, the plots cover a broad
range of land use types and intensities. The level of detail of the land use information
available for these plots, with precise data on mowing frequencies, livestock
densities and amounts of fertilisation, obtained from annual surveys (Bluthgen et al.,
2012), is a unique feature of the Biodiversity Exploratories project and, together with
the large number of plots, makes it a powerful study system for testing rapid
evolution in managed grasslands.

There is already some previous evidence from the Biodiversity Exploratories for
phenotypic evolution in response to land use in several grassland plant species
(Kloss et al., 2011; Véller et al., 2013, 2017). Here, we built on these studies and
examined 54 populations of the common grassland species Plantago lanceolata.
Unlike the previous studies, which only conducted simple phenotyping in a common
environment, we carried out a greenhouse experiment with a complex series of

treatments (Fig. 1) which allowed us to quantify the R* values of plants, as well as
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their pulse response and clipping tolerances. Specifically, we asked the following
questions: (1) Is there intraspecific variation in the aforementioned three functional
traits in P. lanceolata? (2) What is the relationship between land use and the
variation in these traits? (3) Are there trade-offs between the three traits, and are

these trade-offs influenced by land use intensity?

Materials and Methods

Study species and experimental design

To test the questions outlined above, we worked with Plantago lanceolata L.
(Plantaginaceae), a short-lived perennial rosette herb that is very common in
European grasslands and grows under a wide range of environmental conditions. P.
lanceolata is also one of the most common plant species in the Biodiversity
Exploratories, occurring on over 100 of the 150 grassland plots. In September 2015,
we collected ripe seeds of P. lanceolata in each of the three regions, and from the
broadest possible land-use gradient in each (Supplementary Table S2). Altogether,
we sampled seeds from 54 plots, with 5-12 individual plants per plot.

We stratified the seeds at 5°C under moist and dark conditions for three weeks
(Pons, 1992) and transplanted the germinated seedlings to 1-L pots filled with a
7:1.5:1 mixture of nutrient-poor soil, vermiculite and sand, with 5-12 individuals per
population and a total of 540 plants (Supplementary Table S2). The pots were
placed in a climate-controlled greenhouse with temperature set to 21°C/15°C at a
16h/8h day/night cycle. After six weeks, we rearranged all pots into a randomised
block design, and we then let the plants grow for another seven weeks to ensure
strong nutrient depletion in all pots (Fig. 1). At this point, we took a 5 cm? soil sample
from each pot that was later analysed for total nitrogen content with a EuroEA
Elemental Analyser (HEKAtech, Wegberg , Germany) at the Soil Biogeochemistry
Lab at Karlsruhe Institute of Technology, and we measured the chlorophyll content of
two leaves on each plant with a SPAD 502 chlorophyll meter (Konica-Minolta, Tokyo,
Japan). After that, we fertilised each plant with 10 ml of liquid NPK fertiliser (Wuxal
Universaldinger; Hauert MANNA Dungerwerke GmbH, Nlrnberg, Germany) at a

concentration equivalent to 50 kg N/ha. Ten days later, we measured chlorophyll
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content again on two newly grown leaves of each plant. Two weeks after adding the
fertiliser, we clipped all plants one centimetre above ground. After another three
weeks, we harvested the aboveground biomass of all plants, dried it at 70°C for

three days, and weighed it.

Data Analysis

Our data analyses generally focused on three variables: (1) the competitive ability of
each plant, estimated as 7-R* (Tilman, 1985) where R* was the fraction of total
nitrogen in the potting soil left after 11 weeks of growth, (2) the pulse response as
the ratio between the leaf chlorophyll contents after and before the fertilisation, with
higher values indicating more successful utilisation of the added nitrogen, and (3) the
clipping tolerance of plants, calculated as the ratio between their aboveground
biomass from the second and first harvest, again with higher values indicating faster
recovery from clipping damage.

Prior to the main analyses, we simplified our data by removing some non-
relevant sources of variation from it. We fitted linear models with the three regions of
the Biodiversity Exploratories and the blocks in the greenhouse as fixed factors to
each dependent variable, and we used the residuals from these models for all
subsequent analyses (Manning et al., 2015; Soliveres et al., 2016). To improve the
normality of error distributions, the data for pulse response and clipping tolerance
were additionally log-transformed.

First, we tested for intraspecific variation in the three focus traits with mixed-effect
models that included populations as fixed factors and maternal seed families nested
within populations as random factors (Zuur et al., 2009; see Supplementary
Information Table S1 for model formulas). Second, we tested for relationships
between land use and the three traits by fitting separate mixed models for each
combination of land use intensities (mowing, fertilisation, grazing) and trait
(competitive ability, pulse response, clipping tolerance), with each model including
one of the land use intensities as explanatory variable plus population and maternal
seed families nested within populations as random factors (Table S1). Next, we

tested for trade-offs between the three focus traits by examining their statistical
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relationships at the level of individuals, seed families and populations. At the
individual-level, we fitted mixed models with random intercept and slope that
included the respective other trait as explanatory variable, plus population and family
nested within population as random factors. At the family level, we analysed family
means and included only population as random factor, and at the population level,
we used simple linear models regressing the population means of two traits against
each other. In the cases where we found significant relationships between the traits,
we proceeded to the final step in our analyses. IN this step, we tested whether land
use affected trait relationships through a series of mixed models with random
intercept and slope that included the respective other trait, one of the three land use
intensities, and their interactions, as fixed factors, plus populations and families
nested within populations as random factors. All statistical analyses were done in R
(R Development Core Team, 2008). We corrected all P-values for false discovery

rates.

Results

We found significant heritable variation, both at the population and seed family level,
for competitive ability, but only marginally significant family-level variation in clipping
tolerance, and no significant variation at all in pulse response (Table 1 and Figure 2).
There were no significant relationships at all between land use intensity and the
three studied functional traits (Table 2). When we tested for relationships between
competitive ability, pulse response and clipping tolerance, we found significant
negative relationships between pulse response and clipping tolerance at the level of
individuals and seed families, and a significant positive relationship between
competitive ability and clipping tolerance at the population level (Table 3 and Fig 3).
Furthermore, we found a significant effect of mowing on the individual-level
relationship between pulse response and clipping tolerance (F = 9.08, P = 0.025 for
mowing X pulse response interaction), with the negative relationship between the two
traits disappearing at higher mowing intensities (Fig 4). There were no other

significant land use effects on trait relationships.
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Discussion

To understand plant intraspecific variation in relation to land use, we studied 54
grassland populations of Plantago lanceolata that strongly differed in their intensities
of mowing, grazing and fertilisation. We specifically examined three functional traits
that we expected to be important for plant survival in such grasslands: competitive
ability, clipping tolerance and the ability of plants to quickly respond to nutrient
pulses. We found substantial intraspecific variation in competitive ability (R*) but not
in the other two traits, and there was no evidence for population-level relationships
between traits and land-use intensity. However, there were several positive or
negative relationships between functional traits at the levels of individuals, families or
populations, indicating physiological or evolutionary links between these traits.
Below, we discuss the results in detail, and attempt to place them into a broader

context.

Intraspecific variation

A necessary prerequisite for genetic differentiation and local adaptation in the
examined traits is that significant intraspecific variation exists in this system. We did
not find any significant family- or population-level variation in clipping tolerance and
plant responses to a nutrient pulse, but there was substantial intraspecific variation in
R* competitive ability, both at the level of seed families and populations. To our
knowledge, this is the first time that intraspecific variation, and thus microevolution,
in this type of competitive ability has been studied and demonstrated in plants.

We were somewhat surprised to not find population differentiation in clipping
tolerance because intraspecific variation has been previously shown in other plant
species (e.g. Agrawal et al., 1999; Johnson, 2011; Juenger & Bergelson, 2000;
Strauss & Agrawal, 1999; Deng et al. unpublished). We also did not find population
differentiation in pulse response, and in this trait, we also do not know about
previous studies on intraspecific variation. With 54 populations and 199 seed
families, a lack of statistical power is an unlikely explanation in our case. Instead, we
think that it was rather a combination of weak true patterns and high signal-to-noise

ratio. First, since Plantago lanceolata is wind-pollinated and self-incompatible (Kuiper
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& Bos, 1992), there is generally strong gene flow and relatively weak population
differentiation in this species (Gaspar et al. 2019). Second, we worked with an F1
generation that had random fathers (from the field) but that, unlike under field
conditions, was not experiencing strong natural selection. This likely further
increased variation among individuals and therefore lowered the signal-to-noise ratio
in our system. Finally, clipping tolerance and pulse response are both derived traits
based on several, error-prone measurements, and thus error propagation could have
further added to this problem. However, in spite of all this, we did find significant
family- and population-level variation in R* which underlines the ecological and

evolutionary significance of this result.

No relationships with land use

We found no relationships between the land-use intensities recorded in the
Biodiversity Exploratories and the three studied functional traits. This contrasts with
previous studies in the Biodiversity Exploratories (Véller et al., 2013, 2017) as well
as in other systems that demonstrated land use-related phenotypic changes in plants
(e.g. Aarssen & Turkington, 1985a, b, ¢, 1987; Lennartsson et al., 1997; Briggs,
2009). In principle, there are three possible explanations: (1) a true pattern could not
be detected because of statistical or methodological shortcomings, (2) there was no
pattern yet because the land use has not been acting long enough yet in our system,
or (3) there is no pattern. As already explained above, our study did not lack
statistical power, and it covered a broad range of land use intensities, also compared
to previous studies. Moreover, although there is some interannual variation in land
use in the Biodiversity Exploratories (Bluthgen et al., 2012; Allan et al., 2014), which
could potentially impede the impacts of natural selection, previous studies already
found land use-related differentiation of plant phenotypes in our system (Voéller et al.,
2013, 2017). It is also known from other studies that that a couple of years can be
enough for stable shifts in plant phenotypes between differential management
(Briggs, 2009). Therefore, explanations (1) and (2) both appear unlikely, and we
need to consider the third option that there might simply be no relationships between

land use and the three studied functional traits; possibly because of error



84 Chapter IV

propagation and the derived nature of the traits, or evolutionary constraints particular

to these traits and land use in this system.

Correlations between three functional traits

Besides quantifying intraspecific variation in the three functional traits and their
relationships with land use, we also tested for interrelationships between traits, and
we did this at three levels: plant individuals, maternal seed families and populations.
Each of these levels provides us with different answers: at the level of individuals,
trait correlations are most likely related to functional-physiological constraints or
necessities, whereas at the level of seed families they reflect underlying genetic
correlations, and at the level of populations they rather indicate trait syndromes
associated with habitat adaptation.

We found no relationships between competitive ability and pulse response at
any of these levels. This was surprising as lower R* values (i.e. better competitive
ability) should be coupled to a resource-conservative plant economy, whereas strong
responses to nutrient pulses require a large metabolic capacity. We therefore
expected a trade-off between the two traits. However, our results suggest that
competitive ability evolves fairly independently. The only observed trait correlation
involving competitive ability was a positive population-level correlation between
competitive ability and clipping tolerance, indicating both traits might be beneficial in
the same environments. Resprouting in Plantago lanceolata is based on
belowground resource storage (Latzel & Klimesova, 2009; Latzel et al., 2014). Thus,
in contrast to pulse response, both clipping tolerance and R* competitive ability are
related to resource conservation, and therefore both traits should be beneficial in the
less nutrient-rich pastures or meadows which make up part of the grassland plots in
the Biodiversity Exploratories. However, the two traits were not significantly
correlated at the level of individuals or seed families, indicating that they are not
genetically correlated, or directly linked through physiology. Another potential
explanation for the lack of a family-level relationship could be the inflated genetic
variation in the F1 generation already explained above (see also Gaspar et al., 2019).

However, while F1 plants from the same mother may have many different fathers,
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these most likely come from the same population (Kuiper & Bos, 1992, p. 226), so
that population-level differences may have been maintained, and could thus be
detected, in our study.

Surprisingly, plant responses to nutrient pulses were negatively correlated to
clipping tolerance at the levels of individuals and maternal seed families. Together
with the lack of a population differentiation in these traits, this indicates physiological
and/or genetic links between them. Again, resource economy appears to be the best
explanation here. Clipping tolerance is generally thought to be more prevalent in
species or genotypes with a more conservative metabolism and more root-, non-
structural carbohydrate reserves, whereas a stronger response to a nutrient pulse
should requires higher metabolic rate and less storage (Strauss & Agrawal, 1999;
Reich, 2014). Thus, there should be classic resource trade-off between the two
traits. This explanation is further supported by the fact that we found the negative
correlation mainly in plants from plots with less than one mowing event per year,
whereas the relationship tended to disappear at higher mowing frequencies. In the
Biodiversity Exploratories, frequent mowing is usually associated with strong
fertilisation (Bluthgen et al.,, 2012). Thus, the resource trade-off disappears when

resources become less limiting (Agrawal et al., 2010).

Conclusions

Our study documents, for the first time, significant intraspecific variation in R*
competitive ability and that this trait appears to evolve independently of pulse
response and clipping tolerances. We could identify an intrinsic, physiological trade-
off between clipping tolerance and pulse response that disappeared in plants
originating from more intensively managed plots. We have not found any relationship
between the three traits and land use, which might be due to various factors of the
management regimes resulting in inconsistent selective forces, the biology of P.

lanceolata, and our experimental design.
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Table 1. Results of mixed models testing for heritable variation in three functional
traits in Plantago lanceolata, with populations and seed families included as fixed
and random factors, respectively. LRT = likelihood-ratio test statistics. All P-values

are FDR-corrected.

Population Seed family

F P LRT P
Competitive ability 1.60 0.049 16.82 0.000
Pulse response 1.01 0.463 0.04 0.835

Clipping tolerance 1.30 0.169 4.05 0.066
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Table 2. Results of mixed models testing for the effects of mowing, fertilisation and

grazing on three functional traits in Plantago lanceolata, with populations and seed

families included as random factors. All P-values are FDR-corrected.

Mowing

Fertilisation

Grazing

Est. F P

Est. F P

Est. F P

Competitive ability
Pulse response

Clipping tolerance

0.142 4.31 0.387
0.014 0.08 0.838

0.007 1.85 0.838

0.050 1.51 0.504
0.001 0.04 0.838

0.011 1.60 0.504

-0.071 1.68 0.504
0.009 0.06 0.838
0.007 0.39 0.838
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Table 3. Results of random slope and intercept mixed effects models testing the
relationships between competitive ability (CA), pulse response (PR) and clipping
tolerance (CT) in Plantago lanceolata, with populations and seed families included

as random factors. All P-values are FDR-corrected, and P<0.05 are in bold.

Individuals Families Populations

Est. F P Est. F P Est. F P

CA~PR 0.07 3.26 0.162 0.12 1.31 0.336 0.01 0.00 0.967
CA~CT -0.01 0.01 0.967 0.11 1.33 0.336 044 6.21 0.048
PR~CT -0.05 11.47 0.009 -0.05 8.81 0.018 -0.05 252 0.212
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Figure 1. Schematic of the sequence and duration of experimental treatments used
to estimate competitive ability (R*), pulse response and clipping tolerance in

Plantago lanceolata plants from 54 grasslands of different land-use intensities.
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Figure 2. Variation among populations (boxplots) and maternal seed families (black
dots within boxplots) in three functional traits in Plantago lanceolata. The boxplots
are based on all individuals per population and indicate medians, 25th/75th

percentiles, and the 1.5 x interquartile ranges.
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Figure 3. Relationships between the three studied functional traits of Plantago
lanceolata at the levels of individuals, seed families and populations. Solid and
dashed line plots indicate the fitted models for significant and non-significant

relationships, respectively, with their 95% confidence intervals.
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Figure 4. The mowing intensity of their grasslands of origin affects functional trait

correlations in Plantago lanceolata. Each dot represents a plant individual grown in a

common environment.
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S| Table S2. Land-use calculated from the frequency of mowing (y-'), amount of
nitrogen added to the plots (kg ha' y'), and density of grazing animals (livestock unit
ha' y'), averaged across the years 2006—2014 of all 54 studied grassland
populations of Plantago lanceolata; and the numbers of seed families, as well as
individuals per family and per population, used in our greenhouse study.

# Individuals
Region  Plot 1D oNEE T e oty # Families " FOT PO o viduals
AEG02 285 7.56 0 3 3 2 2 NA 7
AEGO3  1.97 117 0.05 4 3 3 3 3 12
AEG12  2.16 243 0 4 3 3 3 3 12
AEG13  2.06 254 0 4 3 1 3 3 10
AEG14  1.97 3.71 0 4 1 3 3 3 10
AEG15 295 5.36 0 4 3 3 1 3 10
AEG17 226 17 0 4 3 3 3 3 12
AEG23  1.77 0.34 0 4 3 3 3 3 12
AEG27 0 0 1.2 4 3 3 2 3 11
SCthltt’)iSChe AEG29  1.08 0.45 0.73 4 3 3 3 2 11
AEG30  0.79 0.31 1.41 2 2 3 NA NA 5
AEG31  0.69 0 0.99 4 3 3 3 A 10
AEG33 0 0 1.27 4 3 3 3 3 12
AEG35  2.16 1.34 0 4 2 2 3 8
AEG38  1.97 0.24 0 3 2 3 3 NA 8
AEG39  2.06 1.9 0 3 3 3 1 NA 7
AEG40  2.36 1.63 0.23 4 3 1 1 6
AEG41  2.36 4.62 0.05 4 3 3 3 3 12
AEG42  1.47 2.1 1.34 3 3 3 3 NA 9
HEGO5  1.97 3.51 0.95 4 3 3 3 2 11
HEGO6  1.47 1.75 0.4 4 2 3 3 3 11
HEGO7 0.2 0.03 2.43 4 3 3 3 3 12
HEGO09 0 0 0.55 4 2 2 3 A 8
HEG14  1.28 3.4 0.4 3 3 3 3 NA 9
HEG17 0.1 0 0.41 4 3 3 3 1 10
Hainich-Diin - HEG20 0 0 0.87 3 1 5 3 NA 9
HEG26  1.18 0.63 0 4 1 3 3 3 10
HEG27  1.28 1.91 0.04 4 3 3 3 3 12
HEG29  1.57 1.16 0.25 3 3 2 2 NA 7
HEG34  1.47 201 0.4 4 3 2 3 3 11
HEGA41 0 0 0.87 3 3 2 2 NA 7
HEG43  0.39 0 0.61 4 3 3 1 3 10
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HEG44  0.29 0 0.54 4 3 1 1 2 7

HEG45 0 0 0.47 3 3 3 3 NA 9

HEG48  1.18 0.29 0.69 4 3 3 3 3 12

HEG49  1.38 1.22 0.24 4 1 3 3 3 10

SEG06  0.39 0 1.67 4 3 3 3 10

SEG25  1.97 0 0 3 3 3 3 NA 9

SEG30  1.77 0 0 3 3 3 3 NA 9

SEG31  1.77 0 0 4 3 3 3 3 12

SEG32  1.77 0 0 3 3 3 3 NA 9

SEG34  0.49 1.67 1.15 4 3 3 1 3 10

SEG36 0 0 2.17 4 3 3 3 3 12

SEG37 0.2 0 2.84 4 3 3 3 3 12
Schorfheide- SEG38  0.88 0 3.98 4 3 3 3 1 10
Chorin SEG39  0.59 0.2 0.76 4 3 3 3 3 12
SEG40 0 0 4.28 4 3 3 3 1 10

SEG41 0.1 0 4.2 3 3 3 3 NA 9

SEG44 0 0.32 2.09 4 3 3 3 2 11

SEG45 0 0 1.81 3 3 3 2 NA 8

SEG47 0.1 0 2.3 4 3 3 3 3 12

SEG48 0.1 0 2.81 4 3 3 3 3 12

SEG49 0 0 2.61 3 3 3 3 NA 9

SEG50 0 0 1.98 4 3 3 3 3 12
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Chapter V

General Discussion

There is ample evidence that evolutionary processes can take place over short
periods of time, within a couple, dozens, or one hundred generations; moreover,
these rapid changes are often related to human activities (Hendry & Kinnison, 1999;
Reznick & Ghalambor, 2001; Carroll et al., 2007). While the effects of land use on
species diversity and at the community level have been extensively studied (Socher
et al., 2013; Dengler et al., 2014), its relationship to intraspecific variation — the raw
material for evolution — has only been shown in studies with smaller sample sizes
(van Groenendael, 1986; Pluess, 2013), coarse land-use categories (Warwick &
Briggs, 1979) and experimental design not allowing to tease apart land-use effects
from other environmental variables (Van Tienderen & van der Toorn, 1991; but see
Voller et al., 2013, and 2017).

In this thesis, | investigated the relationship between land use and intraspecific
variation in a specific way, supported by a robustly designed study system. The
Biodiversity Exploratories with its standardised network of grassland sites across
Germany allowed the inclusion of many populations over a broad geographical
range, coupled with probably the most precise land-use data coming from a realistic
background. | worked with Plantago lanceolata, a ubiquitously occurring grassland
plant, and combined field and common-garden-derived data that allowed the
distinction of environmentally induced and stable intraspecific variation (Bossdorf et
al., 2008). In Chapter I, | looked at genetic, epigenetic and phenotypic variation in
P. lanceolata, and their relationships to land use. In Chapter lll, | then examined
phenotypic variation and adaptive potential related to land use in greater detail, and
in Chapter IV, | looked into possible trade-offs between three particular functional
traits in grasslands. Below, | briefly summarise the main results of my work in three

areas: (1) patterns of epigenetic variation, (2) patterns of phenotypic means and
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variation, and (3) opposing effects of mowing and grazing on several measures of

variation.

Patterns of intraspecific epigenetic variation

In Chapter Il, | focused specifically on two types of intraspecific epigenetic variation:
within-population diversities and between-population differentiation. | compared
these to genetic and phenotypic variation and related them to land use. The MSAP
method used for epigenetic fingerprinting distinguishes between three marker types
(MSAP-m, MSAP-h, plus the unmethylated MSAP-n-type), the first two of which
correspond respectively to a more stable (CG-context), and a less stable (CHG-
context) type of cytosine methylation (Schmitz et al., 2013; Schulz et al., 2013). |
found small but significant epigenetic differentiation between the 60 populations, and
also significant genetic differentiation based on AFLP markers. The more unstable
the markers were, the more differentiation they showed, and the smaller their
intrapopulation diversity was. The latter indicated environmental induction, further
corroborated by the mostly lower diversities and consistently weaker differentiation in
the common environment.

Epigenetic diversity was consistently negatively correlated to mowing, and
positively to grazing intensity, except for the lack of relationship with grazing for the
less stable MSAP-h-diversities in the common environment. | find three conclusions
particularly worth mentioning about my results: i) on other levels of biological
organisation, mowing is already known as a strong homogenising factor, while the
opposite is true for grazing (see also the third section of the General Discussion),
and intraspecific epigenetic variation appears to follow the same pattern; ii) mowing
was found in previous studies to be the land-use component with the strongest
effects on various response variables (e.g. Voller et al., 2013, 2017; Gossner et al.,
2016), and | showed that its effect remains also in the F1 generation in a common
environment in all types of DNA-methylation, while not in the case of grazing; iii) it is
the least stable MSAP-h epilocus type (Schmitz et al., 2013; Schulz et al., 2013) that

doesn’t maintain its relationship to grazing in the common environment.
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Phenotypic trait means, variation, and trade-offs

In Chapter lll | explored the phenotypic data from the common-garden experiment in
greater detail, and in Chapter IV | reported the results from an additional experiment
where | measured three highly relevant, but more derived, functional traits, with a
special focus on their interrelationships. Altogether, | measured twelve phenotypic
traits, with ten out of them showing differentiation between maternal seed families,
and seven between populations. Most importantly, competitive ability expressed as
1-R* (Tilman, 1985) was differentiated on both levels, and to our knowledge, this is
the first instance of showing intraspecific variation in R*, a key functional trait in plant
ecology.

In Chapter lll, | focused on the population means and variation of traits, and
their relationships to mowing, fertilisation, and grazing. Some of these relationships
were significant, especially between trait means and mowing, but the dataset is noisy
in general. The traits measured in Chapter IV were not significantly related to any
land-use component. One pattern was conspicuous though: across all significant and
non-significant land use-trait relationships there was a clear pattern that mowing and
grazing had opposite effects on the measured phenotypes, both in terms of their
means and their variances. There seem to be two distinct trait syndromes: larger
plants with a lower specific leaf area (SLA) are associated with high mowing
intensity, and smaller plants with higher SLA are associated with high grazing
intensity. This did seem surprising at first look, as higher SLA is usually correlated
with higher growth rates and a less conservative metabolism. However, this common
knowledge comes from studies comparing species across biomes and with very
different growth forms (Wright et al., 2004; Poorter et al., 2009; Diaz et al., 2016),
and variation in SLA at the intraspecific level might behave differently (Milla & Reich,
2007; Scheepens et al., 2010). There is literature showing that in the case of grazing
lawns the relationship between plant size and SLA is exactly as in our case
(McNaughton, 1984; Cingolani et al., 2005). The required conditions for grazing
lawns observed by these authors are i) grazing tolerance instead of avoidance, ii)
herbivore preference, and iii) high resource availability; which are all fulfilled in our

case (see Chapter lll). Within-population variation, representing genetic diversity in
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phenotype, and thus evolutionary potential, was decreased by mowing and
increased by grazing, similarly to the findings of Chapter II.

Despite the lack of land-use effects on the three functional traits measured in
Chapter IV, there were significant relationships among these traits. Competitive
ability (7-R*) was positively correlated with clipping tolerance at the population level,
but not at the levels of individuals or seed families, indicating that this relationship
represents adaptation to habitat, conferring benefits in the same environment, but
without a deeper physiological or genetic linkage. Clipping tolerance and the
response to a nutrient pulse, on the other hand, showed a negative correlation at the
level of individuals and seed families, but not populations. When | further dissected
this relationship at the individual level, | found that it remained only in plants from
plots with low mowing intensities and disappeared at higher mowing frequencies.
This indicates a trade-off because the sites with low mowing intensities are also less
fertilised and thus resource-limited, which is a requirement for trade-offs (Agrawal et
al., 2010), whereas the sites where the negative correlation does not hold have more

resources because of the more frequent mowing and fertilisation.

Contrasting effects of mowing versus grazing

Mowing and grazing are known to be inherently different processes. Mowing is much
more homogenising (Gossner et al., 2016), whereas grazing increases habitat
heterogeneity in several different ways (Bakker et al, 1984; Adler et al., 2001;
Gibson, 2009). Therefore, to promote biodiversity, low-intensity grazing is considered
a preferable management technique over mowing, but many previous studies
yielded idiosyncratic results about species diversity (Dengler et al., 2014), making it
hard to generalise. In my thesis, however, whenever mowing or grazing had
significant effects on the measured dependent variables, the patterns were
according to the general expectation.  Epigenetic (but not genetic) diversity
consistently decreased with mowing, both under field and common garden
conditions, while it increased with grazing (Chapter Il). This is in line with other
findings from the Biodiversity Exploratories that showed mowing to be the strongest

selective force among the main land-use factors (Gossner et al., 2016; Voller et al.,
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2017). Likewise, phenotypic diversity decreased with mowing and increased with
grazing, and many phenotypic traits showed opposite relationships to the two land-
use components at the population level (Chapter lll). In Chapter IV, the only
significant relationship with land use was the modulation of a trade-off between two
functional traits, and indeed, even this proved to be opposing between mowing and
grazing. Altogether, mowing and grazing appear to have fundamentally different
effects on the intraspecific variation of the studied plant populations, and appear to

drive evolution in contrasting directions.

Conclusions and outlook

Plantago lanceolata seems to be a very attractive system for eco-evolutionary
studies, as it is a very widespread species and easy to handle in experiments, and
this is reflected in the rich evolutionary-ecological literature (Sagar & Harper, 1964;

Warwick & Briggs, 1979; Kuiper & Bos, 1992; Laine, 2008) and ongoing projects (eg.

www.plantpopnet.com) based on the species. However, as mentioned earlier, it is
also a species with high rates of gene flow, heterozygosity, and phenotypic plasticity,
and therefore P. lanceolata data often have a high signal-to-noise ratio, especially at
the spatial scale we have been working on. But exactly this drawback underpins our
results: if differentiation and adaptation are found in P. lanceolata, most probably
they are in fact there, and very likely to be found in other plant species as well.
Nevertheless, the work summarised in my thesis could be improved in many
ways, although most of these improvements would involve giving up an existing
advantage of the project (i.e. trade-offs between precision, realism and generality;
Levins, 1966). The precision could be increased by applying higher-resolution
epigenomic methods, such as reduced-representation bisulfite sequencing (Paun et
al., 2019), or whole genome bisulfite sequencing (Cokus et al., 2008), but the
number of samples, especially from the field would have to be decreased (reducing
generality). Another way of enhancing the precision could be a different breeding
design including more replicates within maternal seed families, and/or working with
the F2 generation to reduce the stochasticity introduced by the random fathers in the

F1 cohort, but this would decrease the number of populations included (and so again
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the generality). There could be more species included, or the geographical scale
could be extended to enhance the generality of the project, but this would either
require decreasing the number of samples (precision) or populations (generality).
The realism of this work could be improved by taking more sophisticated phenotypic
measurements or measuring fitness directly, that however would sacrifice generality
as we would need to reduce e.g. the number of populations. Another way to
strengthen the realism would be by having an external field site as a common
growing environment, however, this holds the possibility of reducing precision
drastically, as it happened in the first attempt of my project, when the common
garden plants were completely wiped out by mice.

The particular ‘compromise approach’ of precision, realism and generality
employed in my thesis allowed me to shed light on the structure and stability of
population epigenetic patterns across a high number of natural populations, to
describe significant intraspecific variation in, and trade-offs among several
phenotypic traits, including R* for the first time, and to find support for the contrasting

effects of mowing and grazing on phenotypic trait syndromes.
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