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ABSTRACT

The population dynamics of plants with regardplkant-animal interactions is a
remarkably complex topic. To look into how indivalulife stages are influenced in
different directions by various animals is beyohd scope of a single paper. For each of
the studies described below, | and my co-authdesmgited to collect data that would
cover as much of the plant life cycle as possitaleising on interactions between plants
and different animals during the flowering periataheir consequences for the overall
dynamics of the speci€&xrorzonera hispanicat the local and landscape scale. Putting all
the studies together allowed me to gain a bettetup@ of the network of relationships
between plant properties, animal activity and tleéects on overall plant performance.

In Chapter 1, we focus on factors influencing germination, gagrowth and
survival. The results show better performance edbegs from larger seeds and from
larger populations. Seed weight affected the gemtion rate, seedling growth within the
first two months and seedling survival. Mother plamits did not affect any of the
variables studied, even though the performanceeefll;ngs from individual mother
plants did differ. Because the seed mass was thst maportant factor affecting
germination and seedling growth, in further studiesfocused our attention on factors
that may affect it.

In Chapter 2, we discuss the results of a field experiment dimtefinding out the
preferences of pollinators. Based on a comparisoth wpen-pollinated and
supplementally pollinated plants, we examined wethe plants were pollen-limited.
We did not record any significant effects of pddliors on the reproduction d@.
hispanica.Seed number, seed mass and ratio of developed wseeeonnected neither
with the floral visitation rate nor with supplemahpollination. The number of seeds
depended solely on plant height, which was furtleennected with microsite
characteristics, suggestirigat the plants studied were likely resource-kaitEven if
pollen limitation did occur, none of the floweritigiits we measured correlated with the
rate of pollinator visitation.

In Chapter 3, we report how by monitoring a population in shiortervals we
ascertained the preferences herbivores and thet @ffderbivory on plant reproduction.
We found a significant influence of herbivory onedeproduction whereas neither
flowering in the next season nor survival of flower plants was affected by the rate of
herbivory. Flowering in the following season coated only with plant height, which was
further connected with microsite characteristicdjic suggests a tendency towards
resource limitation Herbivores preferred plants with greater numladrénitial flower
buds.

In Chapter 4, we present a dynamic, spatially explicit model pieedict the
prospects of the species at the landscape scaker wadious levels of herbivory and
random population destruction. The results show tha landscape-level population
dynamics under the present rate of herbivory apramately in equilibrium allowing
fluctuations of the rate of herbivory on the oradrper cent. The extent of herbivory
plays a large role in landscape-level populationaghyics, especially when combined with
disturbance events. The results of our simulatiéso aevealed a higher survival
probability of large populations than that of snuaiks.

Although we revealed some aspects of plant anintalactions driving population
dynamics of the species, there is still room fatHer research into little-known processes
such pollinator behaviour at the landscape scala direct influence of plant-animal
interactions on germination and seedling perforreaegardless of seed mass.
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INTRODUCTION

No plant is an island, entire of it selfe. The dgsbf each plant is tightly linked with its
entire environment. To understand why a plant griovesway it does, it is necessary to
delve into the complex web of relationships with #ntire environment from the moment
the seed fell on to the surface of the soll, otdsefrom the moment it has matured on the
mother plant. Why did that very egg get fertilizaxald give rise to a viable seed. What
allowed it to develop and mature? What hardshipsitdhave to endure? How was this
very plant able to flower and produce seeds undesspre from competitors, predators,
parasites and even mutualists? This brings us tmattke germinating seed, the plant life
cycle and interactions between plants and othexrasgns. We must take a step back to
view the plant as a component of a population, imctv all individuals fight their own
little battles.

The following text does not aspire to cover thé@rerbreadth of the topics of the
plant life cycle and plant-animal interactions. lA@m looking at them through the prism
of my model system, | will cover some of their adgan more depth than others that are
not as important for the model system. The mainctap this thesis are plant-animal
interactions, but it will take me quite a whiledet to it, as | have to start from a general
perspective and, more importantly, from the begignt the seed.

The seed and its properties

The seed is where everything starts. Different tsldwave different strategies for survival
and dispersal. These strategies come as a resfmss&ction pressures and lead to the
least possible loss to the seed set and duringeqoest seedling germination. In
polycarpic plants, it is also necessary to considertrade-off between current and future
reproductive output (Obeso 2002).

Seeds can differ in numerous aspects such asrsi$prits, persistence or the one
that is the easiest to measure — seed mass. Seedforeexample, is a result of numerous
oppositely directed forces. Probably the most basiaciple is the trade-off between a
small number of large offspring with a high probdépiof successful establishment and a
large production osmall seeds, of which each has a low probabilityestiablishing
(Smith & Fretwell 1974). This trade-off has beers@lved both within and across species
(Geritz 1995, Rees & Westoby 1997, Geritz et aB9 Uriarte & Reeve 2003). The
whole topic of seed mass nevertheless cannot heceddto this principle (Moles &
Westoby 2006).

Seed massis also associated with dispersal and persisteaselighter seeds
enhance wind dispersal (Burrows 1975). As regardgersistence of seeds in the saill, it
is unclear whether greater seed mass in this cassitites more of an advantage (Moles
& Westoby 2006) or disadvantage (Thompson et @318ekker et al. 1998, Peco et al.
2003), or whether there is no connection (Molesakt2000). Probably the most
fundamental, and generally acknowledged, phenomepetated to seed mass is the
positive relationship between seed mass and teeofagiermination, which applies both
between (Moles & Westoby 2006) and within spec@sujpts & Lee 1991, Castro 1999,
Khera et al. 2004, Lehtila & Ehrlen 2005, Van Moiket al. 2005, Benard & Toft 2007).
All of these correlations have been reasonably stalilied and allow us to approximately
guess what will happen to the seed. Seed massrnsftine one of the key variables used
when studying how various factors affect plantst tBere are surely other drivers of seed
mass variability that deserve to be looked into.

Seed mass varies at many hierarchical levels.h@ncoarsest scale, studies deal
with variability among populations. Variability seed weight among populations may be
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a result of differences in habitat conditions sastabitat productivity, population size or
isolation of populations (Heschel & Paige 1995, @ugb & Vantreuren 1995,
Minzbergova & Pl&ova 2010).

At the within-population level, differences in seagight may be caused by
differences between individual mother plants (Ogb&rVantreuren 1995, Weiner et al.
1997, Hereford & Moriuchi 2005). This variation ddten related to the traits of the
mother plant (e.g. depending on maternal plant bgsiin Sletvold 2002).

Seed weight can vary within a single plant overdberse of the season (Cavers &
Steel 1984, Wolfe 1992) as well as over the lifetted plant in polycarpic perennials
(Herrera 1991a). It also depends on the positicin@fseed on the plant (Herrera 1991b,
Castro 1999, Ehlers 1999). Within the subfamilyhi©iioideae of the family Asteraceae,
heterocarpy is a known phenomenon (Imbert et &61%ibson & Tomlinson 2002, De
Clavijo 2005, Van Molken et al. 2005, Cheptou & Adano 2006, Brandel 2007, Torices
& Mendez 2010).

Seed mass variability, of course, also respondldacurrent situation the plant is
in. Experimental studies have revealed a positovenection betweeseed mass and the
resource or water status of the maternal plantn@i2002, Drenovsky & Richards 2005,
Valencia-Diaz & Montana 2005, Breen & Richards 200®e question remains whether
seed mass and other properties of seeds have fugnice on plant-animal interactions.
So please bear with me, | have yet to develop ry.st

Germination

Seedling establishment, its rate and timing deteenthe entire remaining life of the
plant. More rapid germination can bring a competitadvantage (Castro 2006, De Luis
et al. 2008) (Castro 2006, De Luis 2008), as is #&ise in the case of larger leaf area
(Wulff 1986b, Ortmans et al. 2016), and seedlinggive(Benard & Toft 2007) can have
an impact on later life stages, affecting overifiss (Wulff 1986a, De Luis et al. 2008,
Mercer et al. 2011, Cogoni et al. 2013). This dffat the life cycle is more pronounced
in perennials than in annuals (Verdu & Traveset5)0@ is these beneficial traits that
tend to be positively correlated with seed mass If\Wi986a, Benard & Toft 2007,
Ortmans et al. 2016). And this is the second g@ason — besides the connection with
higher germination rates — why to pay attentiosg¢ed mass.

Sometimes, however, the competitive advantagesedtiabove are not related to
seed size (Castro 1999) or affect only the shoringetion stage without a clear
connection with the future growth of the plant ggblawy & Lovett-Doust 1998, Meyer
& Carlson 2001). So what are the other factorsugriting early growth of a plant and its
performance in adulthood?

Further important drivers of seedling emergence amther growth are traits
inherited from the mother. These can be determgetetically (Lacey 1996, Weiner et
al. 1997)or by other, possibly epigenetic, maternal effeelated to conditions of the
mother plant’s microhabitat (Ouborg & Vantreurerf39Lacey 1996, Galloway 2001,
Hereford & Moriuchi 2005, Latzel et al. 2009, Cends al. 2013) or to what happened to
it during its life — most probably some misfortuseich as getting eaten (El-Keblawy &
Lovett-Doust 1998, Steets & Ashman 2010).

As in the case of seed mass, germination ratessaadling performance differ
depending on the population. Seedling performarcaften related to genetic diversity
and inbreeding depression (Lamont et al. 1993, Ihds& Paige 1995, Fischer et al.
2000, Minzbergova & Ptaova 2010). This is often connected with populatsine
(Heschel & Paige 1995, Ouborg & Vantreuren 1995cHeér et al. 2000), albeit not
necessarily (Miinzbergova & Rlkova 2010). Interactions with animals, which fomnb
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am mentioning only cautiously, may also play a rela the case db. hispanicgossibly
pollen limitation due to a lack of pollinators — wh affect seedling traits (Agren 1996,
Pflugshaupt et al. 2002, Cheptou & Avendano 20@®metimes it is related to local
adaptations, due to which offspring grow bettetha maternal locality than elsewhere
(Hereford & Moriuchi 2005). Plant germination andowgth is affected not only by
properties of the seed, the maternal plant andldbality, but also by plant-animal
interactions during the life of the mother plant.

There is, of course, one additional factor thatnificantly affects seedling
establishment — where the seed lands. The envinahresemetimes affects seed
germination more than seed quality (Breen & Richa@08); sometimes it determines
germination to a lesser degree, but it still afestirvival (Cogoni et al. 2013). At the
same time, even the place where seeds germinatefaznce plant-animal interactions
between the herb and its pollinator (Benard & 808, Cogoni et al. 2013). And so,
what was once influenced by various factors comnio affect further interactions. This,
however, takes us to the next chapter in the fith® plant.

The plant life cycle and demography: a sceptical terlude

Although in the present theses | am trying to prét¢hat nothing happens between
seedling germination and plant maturity, the opjgo& true. In fact, processes taking
place in individual life-cycle stages are, of cayrsiterconnected. So, for example, plant
flowering traits can be a result of selection puess in some previous life stage (e.qg.
flowering phenology reviewed in Ehrlén 2015).

During ontogenesis, physiological tolerance to ey changes as does resource
allocation to different plant organs (Boege & MasgR005). From the demographic point
of view, however, what also changes is the sudméptito external stress from the
standpoint of the effect on the population growster Altered survival during the
inconspicuous stages of vegetative growth can traxe a much larger effect on the
whole life cycle of a perennial plant than redussd production (Silvertown et al.
1993). The study of the effects of only one paraméransition) can therefore lead to
erroneous conclusions, especially when it comd®ote important it is for the plant life
cycle (Ehrlén 2002).

By studying the whole life cycle using transitioratmix models, it is possible to
trace the importance and consequences of intenacfar the whole life cycle (for the
first studies, see Doak 1992, Louda & Potvin 198%,a review, see Ehrlén 2015). For
example, pollen limitation might at first glancecdsase plant fithess because increased
pollen transport should lead to higher seed pradunctn fact, increased pollen transport
can decrease future growth and flowering probgbi{Ehrlén & Eriksson 1995) or
decrease seed quality (Ashman et al. 2004), whimin the point of view of population
growth rates can outweigh the benefits of increasedl production. The balance of these
costs and benefits is not only difficult to studhyt it can also fluctuate between years,
depending on the current environmental context, @otien availability and recruitment
conditions (Horvitz et al. 2010).

For the reasons outlined above, it is ideal to losg-term demographic data.
Unfortunately, | myself was unable to collect saelta, but long-term experience with the
model species allowed me to neglect the effecteeafain life-stages. Of course, they
might still play a role, but more data would be essary to examine it closely.

The adult plant and its flowering traits
Our seedlings are slowly reaching the life stageadiilt vegetative plants. Our model
system does not consider this stage interestinig reard to interactions, as we did not
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observe any plant-animal interactions outside amsheo let us skip the vegetative life-
stage altogether. Let us look closer at the flomgerand fruit-bearing period, the most
conspicuous of the plant life cycle.

Each plant has grown in its microsite and beartareflowering traits. Some of
them are heritable, as some studies have showmextimple, in the cases of flowering
phenology (Widén 1991, Mitchell & Shaw 1993, HaugeiWeidema 2000, Geber &
Griffen 2003) or flower number and corolla sizeviesved in Ashman & Majetic 2006).
Plant traits also reflect the properties of the roh@bitat; higher resource levels, for
example, correlate positively with plant height aatlier flowering (Ollerton & Lack
1998, Ehrlén & Minzbergova 2009). At the same titlee (micro)habitat itself
influences the frequency of plant-animal interawsio both on the landscape (e.g.
Oostermeijer & van Swaay 1998, Hirsch et al. 208 3pbllinators and Welch et al. 1990,
Coulon et al. 2008 for herbivores) and locality de\(e.g. Torang et al. 2006 for
pollinators, Lin & Galloway 2009 for ungulate herbres). The resulting set of flowering
and micro-site traits is closely connected and miituinteracts with the activity of
animals, and all of this affects plant performan8e. which flowering traits am |
interested in, and what bearing do they have onty@laimal interactions?

Flowering phenology — Many studies describe antagonistic pressures on
flowering time that are simultaneously exerted bilipators and seed predators (Elzinga
et al. 2007, Kolb et al. 2007, Lay et al. 2011)ovi#ring phenology is nevertheless
connected with the entire life cycle and is alsituenced by selection pressures exerted
outside the flowering period (reviewed in Ehrlénl2) It can also be affected by
resource availability, as earlier-flowering plaate often larger (Ollerton & Lack 1998,
Ehrlén & Miunzbergova 2009).

Plant height is usually mentioned as a criterion for selectioyp ungulate
herbivores (Freeman et al. 2003, Koh et al. 2014taF& Koda 2015, Prendeville et al.
2015) and, less frequently, by pollinators (Gomeale2009). It also strongly correlates
with available resources (Garnier et al. 2007)s klso influenced outside the flowering
period, as, for example, a taller stature can hkls@n advantage during seed dispersal
(Tremlova & Munzbergova 2007, Monty et al. 2008)

Size and number of flowers(Floral display) — a trait most often mentioned in
connection with attractiveness to pollinators (Ataman 2005, Lay et al. 2011, Weber &
Kolb 2013) or florivores (Oguro & Sakai 2015). Ontgrely is it associated with
attractiveness to ungulate herbivores (Ehrlén 1@nez et al. 2009), although it tends
to be strongly negatively affected by their actiiGomez 2005, Lay et al. 2011).

Floral traits often vary even on a single plantepblogically younger flowers, for
example, tend to be smaller and give rise to feseeds (reviewed in Diggle 1997). This
effect is sometimes suppressed by herbivores tiérbioff flowers are compensated for
(Pilson & Decker 2002, West 2012, Aikens & Roach20

Fragrance allows to precisely time advertisement to polloratand fluctuates
depending on their abundance (Theis et al. 200an also attract florivores (Theis &
Adler 2012). It is a unique mechanism by which hayty can increase attractiveness to
pollinators. Leaf herbivory can sometimes causerem®ed emissions of fragrant
compounds (Effmert et al. 2008, Theis et al. 2008zzolino et al. 2015). Fragrance,
however, is beyond the scope of our study.

Interactions

Plant-animal interactions are an integral part led tife of each plant as well as an
extensively studied phenomenon. To gain insiglt their effect on the plant life cycle, it
is necessary to capture and examine as many ititara@s possible. Complex studies are
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still relatively rare, not to mention those als@littgg with other biotic interactions such as
with pathogens (Ehrlén et al. 2016).

Interactions between organisms are either muti@(isa. involving pollinators or
dispersers) or antagonistic (e.g. involving herbégoin the wide sense). These two kinds
of interactions exert conflicting selective pregsuon plant traits (Brody 1997, Herrera et
al. 2002).

Pollinators facilitate pollen transport and thereby mating kesw outbreeding
plants. For self-incompatible species, they areispghsable, while self-compatible
species do not depend on them. Between these edre&sma whole spectrum of how
important pollinators are to plants. One of the tremsily observable benefits of cross-
pollination is a larger seed set and greater sees$rfLloyd 1992, Ashman et al. 2004 for
a possible negative correlation between the nundferseeds and seed mass in
supplementally pollinated plants) or the survivlbfispring (Colling et al. 2004b). Lack
of pollinators and pollen transport causes poligntétion in plants (Ashman et al. 2004,
Knight et al. 2005). The causes of this imbalaneevben the potential of plants to
produce seeds and limited pollen transport cauged kack of pollinators can differ.
Current changes in the landscape cause fragmeantichgleclines of plant populations and
lower abundance of pollinators (Agren 1996, Milb&gBertilsson 1997, Cheptou &
Avendano 2006). The activity and abundance of kerbs in the present landscape is
increasing (Meriggi et al. 2008), which decreades abundance of flowerheads in
populations, making them less attractive to potbna (Knight et al. 2005, Lay et al.
2011). Alternatively, climate change-induced phegalal shifts may occur in plant or
pollinator life cycles (Fabina et al. 2009), cagsthe peak of flowering to not coincide
with the peak of pollinator abundance. Another paesreason is the general loss of
pollinators caused, among other things, by halotg and fragmentation, agrochemicals,
pathogens and alien species (Potts et al. 201%.i9k rather long list of good reasons to
expect pollen limitation in our model system.

Pollen limitation can lead to selection for flotedits (Ashman et al. 2004) because
it gives an advantage to plants bearing traits émitance pollinator attraction (Haig &
Westoby 1988). To detect such selection pressitrisdjrst necessary to find out whether
populations are pollen-limited. This is usually esed by comparing open-pollinated
and supplement-pollinated plants (Garcia & Ehrl@02 Pflugshaupt et al. 2002,
Andrieu et al. 2007, Ehrlén 2015). It is also neeeg to look for connections between
pollinator abundance and plant flowering traitsrsas flower display, plant height or
flowering phenology. However, conditions of the moltabitat that are not directly related
to the plant may also work as selection criteria pmllinators, for example, the
surrounding vegetation (Ghazoul 2006, Torang et2806) and the number of co-
flowering individuals in the vicinity (Caruso 2002Because pollinators play an
irreplaceable role in our model system, it is neaggto ask what roles all these aspects
play in plant reproduction.

Herbivory usually adversely affects plant performance (Belk886, Hawkes &
Sullivan 2001, Russell et al. 2001, Maron et all®0 In anthesis, it has the strongest
direct effect on fitness via the seed set (AugeséinFrelich 1998, Maron & Crone 2006,
Lin & Galloway 2009), but it also affects the swai of adult plants (Brys et al. 2011),
flowering probability (Ehrlén & Van Groenendael 200Knight 2003, Ehrlen &
Munzbergova 2009, Brys et al. 2011) and seed ptamucn the following season
(Puentes & Agren 2012). We assume that they cam affect seed properties such as
mean seed mass (Meyer 2000, Pilson & Decker 200gg¢mninability (Aikens & Roach
2015).
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There are several types of herbivory. Insect kerles often limit their activity to a
limited time period that is strongly tied to plaphenology (Elzinga et al. 2007,
Minzbergova et al. 2015). From the perspectivenefrelationship with the architecture
of plant flowering traits, ungulate herbivory is pesially interesting. Browsers
preferentially feed on flowering plants (Augusti&eFrelich 1998, Boege & Marquis
2005, Lin & Galloway 2009, Davalos et al. 2014)eylcan choose depending on plant
traits such as plant height (Freeman et al. 20@8) &t al. 2010, Fujita & Koda 2015,
Prendeville et al. 2015) or number of flowers (EhrlL997, Gomez et al. 2009).

Although herbivory is one of the most studied drs/of the plant life cycle (Ehrlén
et al. 2016), there are still notable knowledgesgapthe study of its effects. One of them
concerns the detailed aspects of herbivory sudhesiming or the rate of damage and
the effect on plant performance. Few studies hdse attempted to look at herbivore
preferences, the extent of herbivory and its effect plant performance together. Yet this
very connection is crucial for better understandimg role of plant flowering traits and
plant-animal interactions, which mutually influenegch other.

Flowering traits are related to reproduction sascboth directly and indirectly
(Obeso 2002) as a proxy of resource limitation lo@ dne hand and via animal-plant
interactions on the other. As said above, plantrahiinteractions can also affect seed
properties and plant reproductive traits for yelrscome. This brings us back to the
relationship between the maternal plant, seedsteant! seedling performance.

Populations and their properties at the landscapecsile
The network of relationships, causes and effectsimva locality, even over a short time
frame, is exceedingly complex. Not even a localisy an island, but part of a
metapopulation (Freckleton & Watkinson 2002). dt therefore advisable to view
consequences of interactions also on a broadee.ddat only because populations can
influence each other through the transport of potle propagules, but also because the
extent of plant-animal interactions often variepateding on the population (Brody 1997)
and because their influence is connected with uaricharacteristics of populations and
localities. As in the previous chapters, such mluinizractions take place via different
pathways and at several levels.

Just like individual plants, populations have tlmim characteristics, too.

Population size is probably the easiest property to measure. dtas many
connotations. It is often related to genetic diitgrsSmall populations can suffer from
consequences of drift load and inbreeding depresfiischer et al. 2000), which is
manifested in decreased seed production (Lamoalk €993, Oostermeijer et al. 1998,
Luijten et al. 2000, Paschke et al. 2002), seedsrftdeschel & Paige 1995) or seedling
size, the number of flowering stems and flowerheadklt survival and total relative
fitness (Luijten et al. 2000). Some studies, howesel not prove a connection between
heterozygosity and population size (Ehlers 1999mabérgova & Plékova 2010).

Population size plays a role also in plant-animateractions. In smaller
populations, studies found both lower abundanceaddlinators (Cheptou & Avendano
2006, Mayer et al. 2012) as well as pollen limiat{Agren 1996, Andersson et al. 2016).
Small populations are also more prone to extinctime to stochasticity (Dornier &
Cheptou 2012), which can be aggravated by distedsor herbivore activity. However,
small population size can sometimes release pfents parasites and pathogens (Colling
& Matthies 2004a).

From the point of view of interacting organismgyad measure of population size
is density of flowering plants Floral density positively correlates with the atdance of
pollinators (Ghazoul 2006, Cheptou & Avendano 20@&creasing density of flowering
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plants due to herbivory can thus have an amplifiedative effect on population fitness
by decreasing the attractiveness of the populatopollinators (Vazquez & Simberloff
2004, Lay et al. 2011).

Population demography: Individual populations can differ in their dynamic
proportions of individual life stages and thus atstheir susceptibility to external stress,
for example, herbivory. Population dynamics candiszupted by one-off events. This
alters the importance of individual transitionghe population life cycle, and the effects
of the disturbance of and plant-animal interacticas thereby amplify or cancel out each
other.

Habitat properties affect both population structure (plant densitypaground
biomass or proportion of flowering individuals) atine likelihood of the population being
affected by plant-animal interactions. Pollinatoespond to abiotic conditions such as
moisture, acidity and nutrients (Oostermeijer etl8B8). When deciding where to graze,
ungulate herbivores may also consider factors dwgher landscape scale such as the
vicinity of buildings, roads, valley bottoms, woadts (Coulon et al. 2008) or the density
of habitat edges (Tufto et al. 1996, Said et ab532Miyashita et al. 2008) or patch size
(Welch et al. 1990). The environment also diredtlfjluences the ability of plants to
compensate for consequences of herbivory. Manyiedudund considerable differences
in the responses of plants to herbivory under kigiisus low resource levels (Hawkes &
Sullivan 2001, Wise & Abrahamson 2007).

This is why it is better not to base a study memglyknowledge of one population.
The number of populations and the length of thdysperiod are additional shortcomings
of studies of drivers of plant demography (Ehrlénak 2016). The structure of the
landscape has been changing in recent years, agthbaabundance of herbivores.
However, for species that respond slowly to lanpecehange, changes in landscape
structure may not be the most important factouenficing species dynamics. They can,
however, also play a significant role when combineith factors that affect local
populations in the short term. The landscape petsjeof interactions can thus put
findings obtained by studying populations in detaib a wider context and help better
grasp their importance for the dynamics of the wtsgecies.

Model system

As the model species for our study, we selectedptigcarpic perennial grassland herb
Scorzonera hispanicd. (Asteraceae). Each individual has a single ttesand one
flowering stalk with one to seven yellow flowerhsad\though many species of the
Asteraceae are autogamous or even apomictic, pew@gperiments done on the study
species indicate that no developed seeds arisewtithollen transfer. The species can
thus be classified as self-compatible but not clpali spontaneous selfing, so a
pollinator is needed in all cases (Banga 1961, Mérgova et al. 2010).

Flowering stalks ofS. hispanicaare often browsed by ungulates (Hemrova et al.
2012). No other type of herbivory has been obsertwdvever, the rate of ungulate
herbivory in all populations is quite high. We haakso observed the destruction of
habitats of S. hispanicawithin the study region, primarily due to plougginthe
construction of solar power stations and rootinguviy boars.

Previous studies yielded certain demographic ddiauta populations ofS.
hispanica including eight transition matrices containingeth size classes (seedling, large
vegetative and flowering individuals) compiled fdmee different populations. Using
these matrices, it was possible to roughly evaltteemportance of life-cycle transitions
for the rate of population growth. In the case of populations, the most important in
terms of elasticity is survival of vegetative pkantransitions to flowering plants and
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seedling survivalFor detailed information on the populations undedg, see Table 1 in
Minzbergova (2006)S. hispanicadoes not form a permanent seed bank (Minzbergova
2004).

In the area, the species occurs on clearly delihptches. Some of these patches
are suitable yet unoccupied, as identified by medm@ssowing experiment indicating that
S. hispanicas dispersal-limited (Minzbergova 2004). Chylovav&inzbergova (2008)
demonstrated that this species prevails in gradslaxisting for at least 60 years,
indicating that the dynamics of the species areecgliow.

Although S. hispanicas considered endangered in the Czech Republis, still
common in the study area of dry grasslands in eontiBohemia. However, the character
of the study area has rapidly changed in the lastades. In the past, there was a fine-
scale mosaic of pastures and fields. At presergelareas of arable fields surround the
remaining grasslands. Most of the localities ane& abandoned, covered with a mosaic of
grasslands and expanding shrubs and trees (Ch&ld®¥dnzbergova 2008).

Studies in Chapters 2 a 3 were undertakenat thaitypdHoly vrch, which is a
moderate, south-facing slope with a mosaic of agrasslands and shrubs, representing
one of the largest populations in the area with,68Q0 flowering individuals.

Aims
The aim of this thesis was to explore the netwdr&romal-plant interactions both at the
local and landscape scale, and to define its affectplant performance from the seed to
reproduction. My main questions were: (1) Whathe tole of source population and
mother plants and seed traits in the germinatioth growth of offspring? (2) Which
plant-animal interactions are relevant and how Heyt affect present and future
reproduction ofS. hispanic2 (3) How is the choice of interacting animals redate
individual plant traits? (4) What are the futuregpects ofS. hispanican the current
landscape, and how are they likely to be affecteddsbivory?

Unfortunately, not even the answers to these questcan elucidate the whole
breadth of the topic of the plant life cycle and ihteractions. There are too many
relationships for one doctoral thesis to grasp.

So what have we found?

In Chapter 1 we attempted to find out how properties of theds¢lee mother plant and
the mother population affect germination and subeert] plant performance. By
comparing seeds of different weights from differembther plants growing in several
populations within the study area, we aimed to olesthese three influences separately.

The most important factor affecting seedling perfance was seed weight. Heavier
seeds had a higher germination rate, seedling v@irwiithin six months, and the
seedlings that emerged from these seeds were .|8igerinfluence was observable for
two months.

We also observed a higher germination rate andlisgesurvival in seeds from
larger populations. Neither this nor our previotiglg, however, confirmed a connection
between population size and genetic diversity graher biotic or abiotic factor such as
habitat suitability or plant-animal interactions.

Even though seedling performance differed betweeividual mother plants, this
effect could not be explained by mother plant $rgiteight and flower number). Other
characteristics of the mother plant, such as iteoty@e or the environment in which it
grew likely play a role in determining seedlingfoemance.

18



Seed weight was not provably influenced by anyhefpopulation or mother plant
traits under study, and none of the factors weistltiad any significant effect on the
time to germination.

In Chapter 2 we examined whethés. hispanicasuffers from pollen limitation and
which flowering traits and environmental variabfgdlinators base their choice on. We
assessed pollen limitation by comparing the seedfssupplementally pollinated plants
with that of open-pollinated ones in two conseaigxperimental runs. At the same time,
we identified all floral visitors at the model lditg Using path analyses, we attempted to
unravel the interconnections between propertigdarits, the microhabitat and pollinator
visitation rates.

Pollinator choice was governed more by the mictessiof plants than their
flowering traits. Pollinators preferred solitaryapts (with a smaller number of co-
flowering neighbours) in the vicinity of trees. [nhg the first experimental run, we
observed two-fold greater visitation rates. Despite large number of undeveloped
seeds, we were unable to prove pollen limitationntgnual supplemental pollination.
Instead, the seed set and weight of seeds werelai@a with plant size traits (height and
flowerhead number), as larger plants produced meesls with a higher viable/aborted
seed ratio. These traits were instead correlatéfd micro-site characteristics such as the
cover of woody species in the vegetation. This sstgthat the plants under study were
likely resource-limited. Mean seed mass per plaad wot related to any of the variables
studied.

In Chapter 3, we monitored the effects and preferences of watguierbivores. By
taking regular measurements during weekly censugesnonitored the exact timing and
extent of herbivore damage. Using path analysesther assessed the effects of plant
flowering traits, herbivore choice and intensityharbivory on various aspects of plant
reproduction.

Herbivores consistently preferred plants growinglénser vegetation and with a
greater number of flower buds. Plant height wasanstgnificant factor. The impact of
herbivory on seed production was quite high; braysants produced several-fold fewer
seeds than untouched plants. Flowering in the iailg season was not affected by
herbivory as a factor (which is in line with thesuéis of comparing browsed and caged
plants in Chapter 4), but instead with the timimgl &xtent of browsing. Plants that were
browsed earlier and more severely had a highergibty of flowering in the following
season. Losing a still developing flowering stallolyably afflicted a lower loss of
invested energy than losing a proportionally smalbeit all the more valuable, organ —
the flowerhead. The effect of timing and the prajpor of browsing on the number of
seeds was the opposite. Plants browsed at anstadg of the growth of their flowering
stalk often also lost all their adventitious buds #ghus also any means of compensation.
Those that lost a primary or secondary flowerheadeveometimes at least partly able to
compensate for these losses by opening adventilmusrheads.

However, the most important factor affecting thelkability of flowering in the
following season was not herbivory, but initial Iktheight, which was correlated with
site characteristics — the vegetation cover. Thaeotion between initial stalk height and
seed number was never significant, in contradtéaésults presented in Chapter 2, where
we, however, analysed only untouched plants. Tlience of herbivory therefore
obviously cancels this relationship, even thouginpheight did not demonstrably affect
herbivore choice.

Experiments described @hapters 1and2 were interesting in that they dealt only
with unbrowsed plants whereas herbivory affectexlimd 60 % of flowering individuals
across all populationChapter 4). Most plants that fall victim to herbivores thiene
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seem to play according to different rules. Whil¢ha intact set of plants fro@hapter 2,

the number of developed seeds significantly coredlavith plant height, under natural
herbivore pressure, this connection disappearetiallplant height at the beginning of
the season affected neither the number of seedsamal mass, and not even herbivore
selection. When | compared the relationship betwsant height measured after anthesis
and seed number, there was an apparent differestegebn the treatments. While in the
cases of untouched plants frad@mapter 3 and control (caged) plants fro@hapter 4,
there was a significant correlation plant heightl @eed number, in browsed plants
from Chapter 3, there was no such correlation (Fig. 1). Analofjgusalso compared
mean seed mass, but this comparison did not remegpl demonstrable differences
between the treatments.
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Fig. 1. Comparison of the effect of plant height on seed number between different plant treatments at the
locality Holy vrch in the years 2009 and 2010.

In Chapter 4 we modelled the effects of herbivoand occasional destruction of
species’ populations at the landscape-level usidgnamic, spatially explicit model. The
model was based on information about the locatadnsatches suitable fd8. hispanica
within the study area, initial population sizesg tlispersal rate of the species and local
population dynamics. We modelled local populatigmaimics using transition matrices
and manipulated transitions, including the impacherbivores. We manipulated these
transitions based on a comparison of the reproaluaif browsed and control (caged)
flowering plants. These differences resided in eéased seed production and decreased
production of clonal vegetative ramets in browsedlividuals. Simulations were
performed pertaining to the prospects Sf hispanicaover the next 30 years under
different rates of herbivory (browsing intensity)davarying frequencies of population
destruction (e.g. by human activity).
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Although a high rate of herbivory was detected wstrpopulations 0. hispanica,
the landscape-level dynamics 8f hispanicawere approximately in equilibrium. Any
decline or increase of over 20% in the rate of iverly causedS. hispanicao rapidly
expand or decline, respectively. This effect wascimstronger in the presence of
population destruction. The probable reason is ltedbivory only marginally affects the
survival of vegetative plants and seedlings — irtgrartransitions in the plant life cycle
under stable conditions. Disturbances, however,radically alter these contributions to
changes in total fithess. Decreased seed produdtierto herbivory can thus complicate
the regeneration of a population after its desioact

Therefore, from the perspective of the speciesatyias in the landscape, browsing
by ungulate herbivores can have a dramatic effadtsofuture prospects that would be
impossible to predict by studying local dynamic®ire or a few populations.

Conclusions

In the studies outlined above, | attempted to gasights into the mechanisms by which
plant-animal interactions affect various aspectplaht population dynamics. There were
some strong connections, but others are still &dusi

In Chapter 1, we present evidence that the crucial factor &ffgaggermination and
seedling performance was seed mass whereas pegpeftithe mother plant — plant
height and flowerhead number — did not play ang.réherefore, in further studies, we
focused our attention on factors that may affe@ #®ed mass. In further studies,
however, we did not find any connection betweendseeass and plant-animal
interactions.

The results presented @hapter 2 suggest that seed production is affected by
resource limitation rather than by plant-pollinatoteractions. Considering the recent
changes of the landscape, climate and species «topo we expected to find pollen
limitation caused by a pollinator deficit, but wesme unable to confirm this in the model
species.

During the study folChapter 3, we found a significant influence of herbivory on
seed production whereas neither flowering in thet season nor survival of flowering
plants was affected by the rate of herbivory. Hevles preferred plants with greater
numbers of initial flower buds whereas plant heigjdtnot affect their choice.

In Chapter 4 we deal with our finding that landscape-level gdapan dynamics
under the present rate of herbivory are approxilyate equilibrium. The extent of
herbivory plays a large role in landscape-levelylaiion dynamics, and its increase by
more than 20% could lead to the species’ extinctithin the study area, especially if
combined with disturbance events. The results ofsomulation also revealed a higher
survival probability of large populations than that small ones. This effect can
additionally be amplified by the observed worsefgenance of seedling from seeds
produced in smaller populations.

Putting together the individual studies allowed toeget a basic idea about the
effects of plant-animal interactions on the popatatlynamics of the model species. For
more accurate conclusions regarding the futuré@fspecies and the factors affecting it,
it would make sense to focus also on certain probleot covered by this thesis. One
example is the distribution of pollinators at thedscape scale and associated phenomena
that potentially threaten small populations. Foemls insights into the entire life cycle
would entail the study of the direct effect of glamimal interactions on germinantion
and seedling performance regardless of seed mass.

21



REFERENCES

Abraham JN. 2005. Insect choice and floral sizeodphism: Sexual selection or natural selectidnihsect
Behav.18:743-756.

Agren J. 1996. Population size, pollinator limibatj and seed set in the self-incompatible hethrum
salicaria. Ecology77:1779-1790.

Aikens ML, Roach DA. 2015. Potential impacts oktalnce to herbivory on population dynamics of a
monocarpic herbAm. J. Bot102:1901-1911.

Andersson P, Ehrlen J, Hamback P. 2016. Plant satabture influences plant fitness via antagoniatid
mutualistic interactions but in different direct®o®ecologial80:1175-1182.

Andrieu E, Debussche M, Galloni M, Thompson JD.20the interplay of pollination, costs of
reproduction and plant size in maternal fertilitpitation in perenniaPaeonia officinalis
Oecologial52:515-524.

Ashman TL, Knight TM, Steets JA, Amarasekare PdBYr Campbell DR, Dudash MR, Johnston MO,
Mazer SJ, Mitchell RJ, Morgan MT, Wilson WG. 20@%llen limitation of plant reproduction:
Ecological and evolutionary causes and consequeBcegy85:2408-2421.

Ashman TL, Majetic CJ. 2006. Genetic constraintsloral evolution: a review and evaluation of patte
Heredity96:343-352.

Augustine DJ, Frelich LE. 1998. Effects of whitdeed deer on populations of an understory forb in
fragmented deciduous forestonserv. Biol12:995-1004.

Banga O. 1961. Breedirf§corzonera hispanich by polycross methodtuphytical0:49-&.

Bekker RM, Bakker JP, Grandin U, Kalamees R, Mijber Poschlod P, Thompson K, Willems JH. 1998.
Seed size, shape and vertical distribution in tik imdicators of seed longevitifunct. Ecol.
12:834-842.

Belsky AJ. 1986. Does Herbivory Benefit PlantsReview of the Evidencém. Nat.127:870-892.

Benard RB, Toft CA. 2007. Effect of seed size osdtiag performance in a long-lived desert perennial
shrub Ericameria nauseosasteraceae)nternational Journal of Plant Scienc&§8:1027-1033.

Benard RB, Toft CA. 2008. Fine-scale spatial hegenity and seed size determine early seedlingvslirv
in a desert perennial shruBricameria nauseosasteraceaePlant Ecol.194:195-205.

Boege K, Marquis RJ. 2005. Facing herbivory as g up: the ontogeny of resistance in plaiitends
Ecol. Evol.20:441-448.

Brandel M. 2007. Ecology of achene dimorphisni@ontodon saxatilisAnnals of Botany00:1189-1197.

Breen AN, Richards JH. 2008. Irrigation and feztition effects on seed number, size, germinatioh an
seedling growth: Implications for desert shrub lelisament.Oecologial57:13-19.

Brody AK. 1997. Effects of pollinators, herbivores\d seed predators on flowering phenolé&gpplogy
78:1624-1631.

Brys R, Shefferson RP, Jacquemyn H. 2011. Impakedidivory on flowering behaviour and life history
trade-offs in a polycarpic herb: a 10-year expenitn®ecologial66:293-303.

Burrows FM. 1975. Wind-Born Seed and Fruit Movemalgw Phytol.75:405-418.

Caruso CM. 2002. Influence of plant abundance diinption and selection on floral traits lfomopsis
aggregataEcology83:241-254.

Castro J. 1999. Seed mass versus seedling perfoenmascots pine: A maternally dependent tigw
Phytol.144:153-161.

Castro J. 2006. Short delay in timing of emergedatermines establishment succesRiimus sylvestris
across microhabitaté\nnals of Botan®8:1233-1240.

Cavers PB, Steel MG. 1984. Patterns of changedd aeight over time on individual plantsm. Nat.
124:324-335.

Cendan C, Sampedro L, Zas R. 2013. The maternaloamvent determines the timing of germination in
Pinus pinasterEnviron. Exp. Bot94:66-72.

Cogoni D, Fenu G, Bacchetta G. 2013. Effects oirtgrof emergence and microhabitat conditions on the
seedling performance of a coastal Mediterraneant.[f@oscience0:131-136.

Colling G, Matthies D. 2004a. The effects of plpopulation size on the interactions between the
endangered plarBcorzonera humilisa specialised herbivore, and a phytopathogemigus.
Oik0s105:71-78.

Colling G, Reckinger C, Matthies D. 2004b. Effeafollen quantity and quality on reproduction and
offspring vigor in the rare plaf8corzonera humiliAsteraceae)am. J. Bot91:1774-1782.

Coulon A, Morellet N, Goulard M, Cargnelutti B, Aibgult JM, Hewison AJM. 2008. Inferring the effects
of landscape structure on roe deer (Capreolus clysemovements using a step selection
function.Landsc. Ecol23:603-614.

22



Counts RL, Lee PF. 1991. Germination and earlylseggdrowth in some northern wild-riqZizania-
Palustris)populations differing in seed siz8an. J. Bot.-Rev. Can. B&9:689-696.

Cozzolino S, Fineschi S, Litto M, Scopece G, Trimkscl, Schiestl FP. 2015. Herbivory increases $eifit
in Silene latifolia A consequence of induced pollinator-attractimgdl volatiles?Journal of
Chemical Ecology1:622-630.

Davalos A, Nuzzo V, Blossey B. 2014. Demographgpomses of rare forest plants to multiple stressors
the role of deer, invasive species and nutrieht&col.102:1222-1233.

De Clavijo ER. 2005. The reproductive strategiethefheterocarpic annu@blendula arvensis
(Asteraceae)Acta Oecologica-International Journal of Ecolog$:119-126.

De Luis M, Verdu M, Raventos J. 2008. Early to risakes a plant healthy, wealthy, and wiseology
89:3061-3071.

Diggle PK. 1997. Ontogenetic contingency and flonakphology: The effects of architecture and reseur
limitation. International Journal of Plant Scienc&§8:599-S107.

Doak DF. 1992. Lifetime impacts of herbivory foparennial plantEcology73:2086-2099.

Dornier A, Cheptou PO. 2012. Determinants of exiimcin fragmented plant populatiorSrepis sancta
(Asteraceae) in urban environmer@ecologial69:703-712.

Drenovsky RE, Richards JH. 2005. Nitrogen additrameases fecundity in the desert shBarcobatus
vermiculatusOecologial43:349-356.

Effmert U, Dinse C, Piechulla B. 2008. Influencegoéen leaf herbivory bManduca sextan floral
volatile emission byicotiana suaveolen®lant Physiol.146:1996-2007.

Ehlers BK. 1999. Variation in fruit set within aathong natural populations of the self-incompatfideb
Centaurea scabiosa\6teraceaeNord. J. Bot19:653-663.

Ehrlén J. 1997. Risk of grazing and flower numiest perennial plan©ikos80:428-434.

Ehrlén J. 2002. Assessing the lifetime consequesicpknt-animal interactions for the perennialther
Lathyrus vernugFabaceaePerspect. Plant Ecol. Evol. Sy5t145-163.

Ehrlén J. 2015. Selection on flowering time infa-Gycle contextOikos124:92-101.

Ehrlén J, Eriksson O. 1995. Pollen Limitation argp&ation-Growth in a Herbaceous Perennial Legume.
Ecology76:652-656.

Ehrlén J, Morris WF, von Euler T, Dahigren JP. 208d@vancing environmentally explicit structured
population models of plant§. Ecol.104:292-305.

Ehrlen J, Munzbergova Z. 2009. Timing of Floweri@pposed Selection on Different Fitness Components
and Trait CovariationAm. Nat.173:819-830.

Ehrlén J, Miinzbergova Z. 2009. Timing of flowerit@pposed selection on different fithess components
and trait covariationAm. Nat.173:819-830.

Ehrlén J, Van Groenendael J. 2001. Storage andelaged costs of reproduction in the understorey
perennialLathyrus vernusl. Ecol.89:237-246.

El-Keblawy A, Lovett-Doust J. 1998. Persistent, 1s@ed-size maternal effects on life-history traitthe
progeny generation in squagycurbita pepoNew Phytol140:655-665.

Elzinga JA, Atlan A, Biere A, Gigord L, Weis AE, Besconi G. 2007. Time after time: flowering
phenology and biotic interactiornBrends Ecol. Evol22:432-439.

Fabina NS, Abbott KC, Gilman RT. 2009. Sensitiafyplant-pollinator-herbivore communities to chasge
in phenologyEcol. Model.221:453-458.

Fischer M, van Kleunen M, Schmid B. 2000. Genetledeffects on performance, plasticity and
developmental stability in a clonal plaftcol. Lett.3:530-539.

Freckleton RP, Watkinson AR. 2002. Large-scaleiapdynamics of plants: metapopulations, regional
ensembles and patchy populatiohsEcol.90:419-434.

Freeman RS, Brody AK, Neefus CD. 2003. Floweringmiiiogy and compensation for herbivory in
Ipomopsis aggregat®ecologial36:394-401.

Fujita N, Koda R. 2015. Capitulum and rosette lafidance from grazing by large herbivores in
TaraxacumEcological ResearcB0:517-525.

Galloway LF. 2001. Parental environmental effectdife history in the herbaceous pladampanula
americana Ecology82:2781-2789.

Garcia MB, Ehrlén J. 2002. Reproductive effort Bedbivory timing in a perennial herb: Fitness
components at the individual and population lev&fa. J. Bot89:1295-1302.

Garnier E, Lavorel S, Ansquer P, Castro H, Cruad¥ezal J, Eriksson O, Fortunel C, Freitas H, Getsd
C, Grigulis K, Jouany C, Kazakou E, Kigel J, KleyrLehsten V, Leps J, Meier T, Pakeman R,
Papadimitriou M, Papanastasis VP, Quested H, QuetirRobson M, Roumet C, Rusch G, Skarpe
C, Sternberg M, Theau JP, Thebault A, Vile D, ZatoMP. 2007. Assessing the effects of land-
use change on plant traits, communities and ea@syiinctioning in grasslands: A standardized
methodology and lessons from an application to tbfean sitesAnn. Bot.99:967-985.

23



Geber MA, Griffen LR. 2003. Inheritance and natwelection on functional traitint. J. Plant Sci.
164:S21-S42.

Geritz SAH. 1995. Evolutionarily stable seed polypfosm and small-scale spatial variation in segdlin
density.Am. Nat.146:685-707.

Geritz SAH, van der Meijden E, Metz JAJ. 1999. Exioinary dynamics of seed size and seedling
competitive abilityTheor. Popul. Biol55:324-343.

Ghazoul J. 2006. Floral diversity and the facilitatof pollination.J. Ecol.94:295-304.

Gianoli E. 2002. Maternal environmental effectstios phenotypic responses of the twining Vipemoea
purpureato support availabilityOikos99:324-330.

Gibson JP, Tomlinson AD. 2002. Genetic diversitgl amating system comparisons between ray and disc
achene seed pools of the heterocarpic spétaésrotheca subaxillaris (Asteraceab)ternational
Journal of Plant Sciencel63:1025-1034.

Gomez JM. 2005. Long-term effects of ungulates enigpmance, abundance, and spatial distribution of
two montane herbg&col. Monogr.75:231-258.

Gomez JM, Perfectti F, Bosch J, Camacho JPM. 28@@ographic selection mosaic in a generalized
plant-pollinator-herbivore systercol. Monogr.79:245-263.

Haig D, Westoby M. 1988. On limits to seed produttAm. Nat.131:757-759.

Hauser TP, Weidema IR. 2000. Extreme variatioiawéring time between populations 8flene nutans
Hereditas132:95-101.

Hawkes CV, Sullivan JJ. 2001. The impact of herbhan plants in different resource conditions: Ataae
analysis Ecology82:2045-2058.

Hemrova L,Cervenkova Z, Miinzbergova Z. 2012. The effects mfdanerbivores on the landscape
dynamics of a perennial herdnn. Bot.110:1411-1421.

Hereford J, Moriuchi KS. 2005. Variation among plapions ofDiodia teres (Rubiacead) environmental
maternal effects]. Evol. Biol.18:124-131.

Herrera CM. 1991a. Dissecting factors responsiiiéndividual variation in plant fecunditicology
72:1436-1448.

Herrera CM, Medrano M, Rey PJ, Sanchez-Lafuente Bilcia MB, Guitian J, Manzaneda AJ. 2002.
Interaction of pollinators and herbivores on plfintess suggests a pathway for correlated
evolution of mutualism- and antagonism-relateddr&roc. Natl. Acad. Sci. U. S. 89:16823-
16828.

Herrera J. 1991b. Allocation of reproductive resesrwithin and among inflorescenced af’andula
stoechas (Lamiaceaédmerican Journal of Botany8:789-794.

Heschel MS, Paige KN. 1995. Inbreeding depressinonironmental stress, and population size varidtion
scarlet gilia(lpomopsis aggregataConserv. Biol9:126-133.

Hirsch M, Pfaff S, Wolters V. 2003. The influendenaatrix type on flower visitors o€entaurea jaced.
Agric. Ecosyst. Enviror28:331-337.

Horvitz CC, Ehrlén J, Matlaga D. 2010. Context-degent pollinator limitation in stochastic environms
can increased seed set overpower the cost of regiod in an understorey herB?Ecol.98:268-
278.

Cheptou PO, Avendano LG. 2006. Pollination processel the Allee effect in highly fragmented
populations: consequences for the mating systammbian environment®ew Phytol172:774-
783.

Chylova T, Minzbergova Z. 2008. Past land use terdenes the present distribution of dry grassland
plant speciesPreslia80:183-198.

Imbert E, Escarre J, Lepart J. 1996. Achene dimenpland among-population variation@nepis sancta
(Asteraceae)international Journal of Plant Scienc&§7:309-315.

Khera N, Saxena AK, Singh RP. 2004. Seed sizebititjgand its influence on germination and seegllin
growth of five multipurpose tree speci&eed Sci. Techn@2:319-330.

Knight TM. 2003. Effects of herbivory and its tingimcross populations @fillium grandiflorum
(Liliaceae).Am. J. Bot90:1207-1214.

Knight TM, Steets JA, Vamosi JC, Mazer SJ, Burd®dmpbell DR, Dudash MR, Johnston MO, Mitchell
RJ, Ashman TL. 2005. Pollen limitation of plant reguction: Pattern and procegsinu. Rev.
Ecol. Evol. Syst36:467-497.

Koh S, Bazely DR, Tanentzap AJ, Voigt DR, Da S#v&2010.Trillium grandiflorumheight is an indicator
of white-tailed deer density at local and regicswlesFor. Ecol. Manage259:1472-1479.

Kolb A, Ehrlen J, Eriksson O. 2007. Ecological awlutionary consequences of spatial and temporal
variation in pre-dispersal seed predatiBarspect. Plant Ecol. Evol. Sy$t79-100.

Lacey EP. 1996. Parental effectdilantago lanceolatd .1. A growth chamber experiment to examine pre-
and postzygotic temperature effedsolution50:865-878.

24



Lamont BB, Klinkhamer PGL, Witkowski ETF. 1993. Rigtion fragmentation may reduce fertility to zero
in Banksia goodit a demonstration of the Allee effe@ecologia94:446-450.

Latzel V, Hajek T, Klimesova J, Gomez S. 2009. iutis and disturbance history in ttantagospecies:
maternal effects as a clue for observed dichotoatywééen resprouting and seeding strategies.
Oik0s118:1669-1678.

Lay CR, Linhart YB, Diggle PK. 2011. The good, theed and the flexible: plant interactions with
pollinators and herbivores over space and timerer@erated by plant compensatory responses.
Ann. Bot.108:749-763.

Lehtila K, Ehrlen J. 2005. Seed size as an indicaitseed quality: A case study Bfimula veris Acta
Oecologica-International Journal of Ecolo@g:207-212.

Lin SM, Galloway LF. 2009. Environmental contextatenines within- and potential between-generation
consequences of herbivo@ecologial63:911-920.

Lloyd DG. 1992. Self-fertilization and cross-feitdtion in plants.2. the selection of self-fertiiion. Int. J.
Plant Sci.153:370-380.

Louda SM, Potvin MA. 1995. Effect of inflorescenfgding insects on the demography and lifetime
fithess of a native planEcology76:229-245.

Luijten SH, Dierick A, Oostermeijer JGB, RaijmanklL, Den Nijs HCM. 2000. Population size, genetic
variation, and reproductive success in a rapidblidimg, self-incompatible perenniahfnica
montana in The Netherland<onserv. Biol14:1776-1787.

Maron JL, Crone E. 2006. Herbivory: effects on plamundance, distribution and population groviftac.
R. Soc. Lond. Ser. B-Biol. SRir3:2575-2584.

Maron JL, Horvitz CC, Williams JL. 2010. Using exjments, demography and population models to
estimate interaction strength based on transieshbapmptotic dynamics. Ecol.98:290-301.

Mayer C, Michez D, Chyzy A, Bredat E, Jacquemart 2012. The abundance and pollen foraging
behaviour of bumble bees in relation to populati@e of whortleberry\faccinium uliginosum
Plos One7.

Mercer KL, Alexander HM, Snow AA. 2011. Selectiom $eedling Emergence Timing and Size in an
Annual PlantHelianthus AnnuugCommon Sunflower, Asteracea@merican Journal of Botany
98:975-985.

Meriggi A, Sotti F, Lamberti P, Gilio N. 2008. Aview of the methods for monitoring roe deer Europea
populations with particular reference to ItaHystrix 19:23-40.

Meyer GA. 2000. Interactive effects of soil fettiland herbivory oBrassica nigraOikos88:433-441.

Meyer SE, Carlson SL. 2001. Achene mass variatidricameria nauseosus (Asteraceaejelation to
dispersal ability and seedling fitnegsinct. Ecol.15:274-281.

Milberg P, Bertilsson A. 1997. What determines seetdn Dracocephalum ryuschiana L. an endangered
grassland plantlora 192:361-367.

Mitchell RJ, Shaw RG. 1993. Heritability of florahits for the perennial wild flowd?Penstemon
centranthifolius(Scrophulariaceae) - clones and croskiesedity 71:185-192.

Miyashita T, Suzuki M, Ando D, Fujita G, Ochiai Ksada M. 2008. Forest edge creates small-scale
variation in reproductive rate of sika deleapul. Ecol.50:111-120.

Moles AT, Hodson DW, Webb CJ. 2000. Seed size Aagesand persistence in the soil in the New Zealand
flora. Oikos89:541-545.

Moles AT, Westoby M. 2006. Seed size and plantegiaacross the whole life cycl®ikos113:91-105.

Monty A, Stainier C, Lebeau F, Pieret N, Mahy G020Seed rain pattern of the invasive w&ethecio
inaequidengAsteraceaeBelgian J. Bot141:51-63.

Minzbergova Z. 2004. Effect of spatial scale ondexlimiting species distributions in dry grasslan
fragmentsJ. Ecol.92:854-867.

Minzbergova Z. 2006. Effect of population size lo@ prospect of species surviviablia Geobotanica
41:137-150.

Munzbergova Z, Hadincova V, Wild J, Herben T, MangsJ. 2010. Spatial and temporal variation in
dispersal pattern of an invasive piBgol. Invasionsl2:2471-2486.

Minzbergové Z, Plikova I. 2010. Seed mass and population charadtsristeract to determine
performance oScorzonera hispanicander common garden conditiof$ora 205:552-559.

Minzbergovéa Z, Skuhrovec J, Marsik P. 2015. Laifferénces in the composition of herbivore
communities and seed damage in diploid and auaptieid plant specie®&iological Journal of
the Linnean Society15:270-287.

Obeso JR. 2002. The costs of reproduction in plas Phytol155:321-348.

Oguro M, Sakai S. 2015. Relation between flowedHeaits and florivory in Asteraceae: a
phylogenetically controlled approachm. J. Bot102:407-416.

25



Ollerton J, Lack A. 1998. Relationships betweemw#ang phenology, plant size and reproductive ss&ce
in Lotus corniculatugFabaceaePlant Ecol.139:35-47.

Oostermeijer JGB, Luijten SH, Krenova ZV, Den NfE€M. 1998. Relationships between population and
habitat characteristics and reproduction of the Gentiana pneumonanthe Conserv. Biol.
12:1042-1053.

Oostermeijer JGB, van Swaay CAM. 1998. The relatigm between butterflies and environmental
indicator values: a tool for conservation in a ajiag landscapeBiol. Conserv86:271-280.

Ortmans W, Mahy G, Monty A. 2016. Effects of serdt$ variation on seedling performance of the
invasive weedAmbrosia artemisiifolie. Acta Oecologica-International Journal of Ecology
71:39-46.

Ouborg NJ, Vantreuren R. 1995. Variation in fitnesisited characters among small and large popukatio
of Salvia pratensis]. Ecol.83:369-380.

Paschke M, Abs C, Schmid B. 2002. Relationship betwpopulation size, allozyme variation, and plant
performance in the narrow endeniochlearia bavaricaConservation Geneticz131-144.

Peco B, Traba J, Levassor C, Sanchez AM, Azcardte?B03. Seed size, shape and persistence in dry
Mediterranean grass and scrublargtsed Sci. Re$3:87-95.

Pflugshaupt K, Kollmann J, Fischer M, Roy B. 20B8llen quantity and quality affect fruit abortion i
small populations of a rare fleshy-fruited shrBlsic Appl. Ecol3:319-327.

Pilson D, Decker KL. 2002. Compensation for herbpio wild sunflower: Response to simulated damage
by the head-clipping weevitcology83:3097-3107.

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Sgew®, Kunin WE. 2010. Global pollinator
declines: trends, impacts and drivéiends Ecol. Evol25:345-353.

Prendeville HR, Steven JC, Galloway LF. 2015. Spatnporal variation in deer browse and tolerance in
woodland herbEcology96:471-478.

Puentes A, Agren J. 2012. Additive and non-addiiffects of simulated leaf and inflorescence dantage
survival, growth and reproduction of the perenhiadbArabidopsis lyrataOecologial69:1033-
1042.

Rees M, Westoby M. 1997. Game-theoretical evolubibseed mass in multi-species ecological models.
Oikos78:116-126.

Russell FL, Zippin DB, Fowler NL. 2001. Effectswhite-tailed deer@docoileus virginianuson plants,
plant populations and communities: A reviéwn. Midl. Nat.146:1-26.

Said S, Gaillard JM, Duncan P, Guillon N, Guillon $ervanty S, Pellerin M, Lefeuvre K, Martin C, Van
Laere G. 2005. Ecological correlates of home-ragige in spring-summer for female roe deer
(Capreolus capreolysn a deciduous woodland. Zool.267:301-308.

Silvertown J, Franco M, Pisanty I, Mendoza A. 1988mparative plant demography - relative importance
of life-cycle components to the finite rate of iease in woody and herbaceous perennialcol.
81:465-476.

Sletvold N. 2002. Effects of plant size on reprddcoutput and offspring performance in the faatiNie
biennialDigitalis purpurea J. Ecol.90:958-966.

Smith CC, Fretwell SD. 1974. The optimal balanceveen size and number of offsprirign. Nat.
108:499 - 506.

Steets JA, Ashman TL. 2010. Maternal effects obivery in Impatiens capensignt. J. Plant Sci.
171:509-518.

Theis N, Adler LS. 2012. Advertising to the eneraghanced floral fragrance increases beetle atiracti
and reduces plant reproductidftology93:430-435.

Theis N, Kesler K, Adler LS. 2009. Leaf herbivongieases floral fragrance in male but not female
Cucurbita pepasubsptexana(Cucurbitaceae) flowersim. J. Bot96:897-903.

Theis N, Lerdau M, Raguso RA. 2007. The challerfggttoacting pollinators while evading floral
herbivores: Patterns of fragrance emissio@insium arvensandCirsium repandum
(Asteraceae)nt. J. Plant Sci168:587-601.

Thompson K, Band SR, Hodgson JG. 1993. Seed sizstape predict persistence in sbilnct. Ecol.
7:236-241.

Torang P, Ehrlen J, Agren J. 2006. Facilitatioannnsect-pollinated herb with a floral display diphism.
Ecology87:2113-2117.

Torices R, Mendez M. 2010. Fruit size decline frim@ margin to the center of capitula is the restilt
resource competition and architectural constradéxologial64:949-958.

Tremlova K, Munzbergova Z. 2007. Importance of sgetraits for species distribution in fragmented
landscapes=cology88:965-977.

Tufto J, Andersen R, Linnell J. 1996. Habitat usd acological correlates of home range size inallsm
cervid: The roe deed. Anim. Ecol65:715-724.

26



Uriarte M, Reeve HK. 2003. Matchmaking and speniasriage: A game-theory model of community
assemblyProc. Natl. Acad. Sci. U. S. A00:1787-1792.

Valencia-Diaz S, Montana C. 2005. Temporal varigbih the maternal environment and its effect eads
size and seed quality Flourensia cernudC. (Asteraceae)Journal of Arid Environments
63:686-695.

Van Molken T, Jorritsma-Wienk LD, Van Hoek PHW, Bieoon H. 2005. Only seed size matters for
germination in different populations of the dimoipfiragopogon pratensisubspPratensis
(Asteraceae)American Journal of Botan92:432-437.

Vazquez DP, Simberloff D. 2004. Indirect effectsaofintroduced ungulate on pollination and plant
reproductionEcol. Monogr.74:281-308.

Verdu M, Traveset A. 2005. Early emergence enhaplzeg fitness: a phylogenetically controlled meta-
analysisEcology86:1385-1394.

Weber A, Kolb A. 2013. Population size, pollinatiand phenotypic trait selection Rhyteuma spicatum
Acta Oecol.-Int. J. Eco#7:46-51.

Weiner J, Martinez S, Muller-Scharer H, Stoll Ph®ad B. 1997. How important are environmental
maternal effects in plants? A study wiflentaurea maculosd. Ecol.85:133-142.

Welch D, Staines BW, Catt DC, Scott D. 1990. HaHlitsage by Red (Cervus-Elaphus) and Roe
(Capreolus-Capreolus) Deer in a Scottish Sitka &pRIlantationd. Zool.221:453-476.

West NM. 2012. Herbivory affects patterns of plesgroductive effort and seed production. University
Nebraska, Lincoln.

Widén B. 1991. Phenotypic selection on floweringpblogy inSenecio integrifoliusa perennial herb.
Oikos61:205-215.

Wise MJ, Abrahamson WG. 2007. Effects of resouxealability on tolerance of herbivory: A review and
assessment of three opposing modéis. Nat.169:443-454.

Wolfe LM. 1992. Why does the size of reproductitreistures decline through time kydrophyllum
appendiculatum (Hydrophyllaceaejlevelopmental constraints vs resource limitatiomerican
Journal of Botany’9:1286-1290.

Wulff RD. 1986a. Seed Size Variationresmodium paniculatu. Effects on Reproductive Yield and
Competitive Ability.J. Ecol.74:115-121.

Wulff RD. 1986b. Seed size variationDesmodium paniculatun2. Effects on seedling growth and
physiological performancd. Ecol.74:99-114.

27



28



CHAPTER 1

Seed mass and population size affect germination drseedling
performance in Scorzonera hispanica

Zita Cervenkovéa and Zuzana Miinzbergovéa
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ABSTRACT

Seed weight is one of the most important factoterd@ning the performance
of offspring and this effect is often combined witle effect of the mother
plant. While both the effect of seed weight andédffect of mother plants on
plant performance were previously studied, thectffef one of the factors is
usually confounded by the effects of the otherdiacWe thus still do not
know the extent of the effect of seed weight ordbeg performance when
properties of mother plants are taken into accolmiexplore this, we studied
the effects of seed weight, mother plant and siteseedling performance in
the perennial herBcorzonera hispanicgAsteraceae).

In our dataset, the wide ranging seed weight cowdtl be explained by
population size even the mother plant traits. Sgeight positively affected
germination probability seedling growth and seegllsurvival. The seeds
from larger populations had higher germination ratel seedling survival.
The mother plant traits did not affected any stddvariable, despite the
performance of seedlings from individual mothempdavas different.

Key words:germination, population size, seed mass, motlaat pl
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INTRODUCTION

Seed production and seedling recruitment are antibagkey periods in the plant life
cycle (Harper 1977). Seed germination and thénéurlife of seedlings is influenced not
only by properties of the seeds, such as their Weagpd morphology (Counts & Lee
1991, Van Molkeret al. 2005), but may be also affected by the identityth&f mother
plant or by population characteristics (Kirkpdtri& Lande 1989). To understand the
factors driving seedling recruitment, we need ttoneste the importance of different
properties of seeds, mother plants and sites fedlisg performance and separate their
effects.

Variation in seed weight has been studied in mapgcies and at many
hierarchical levels. On the coarsest scale, manogiest deal with variability among
populations. Variability in seed weight among p@pains may be a result of differences
in habitat conditions such as habitat productivipgpulation size or isolation of
populations (Valencia-Diaz & Montana 2005, Minzloed & Plakova 2010). The
effects of population size and isolation might bmoasequence of lower genetic diversity
and inbreeding in small populations (Heschel & Pdi§95, Oostermeijeat al. 1998) or
possibly a result of the Allee effect (Lamattal. 1993, Pflugshaupt al. 2002).

At the within-population level, differences in seagkight may be caused by
differences among single mother plants (Ouborg &tkéauren 1995, Weineat al. 1997,
Hereford & Moriuchi 2005). This variation can oftba related to mother plant traits (e.g.
depending on maternal plant biomass in Sletvold220Q@omparisons of seed weight
among single plants may be complicated by withempblariability. Seed weight within
a single plant can vary during the season (Cavese®l 1984, Wolfe 1992, Buide 2004)
as well as over the life of the plant in polycarpérennials (Herrera 1991a). Seed weights
also depend on the position of the seed on the flemewed in Herrera 1991b, Diggle
1997, 2003). Several studies found this sort ofabdity at the level of inflorescences or
at the level of flowers within inflorescences (Beiid004, Zenget al. 2009). Within the
subfamily Cichorioideae of the family Asteraceaeteinocarpy or seed weight variability
within the inflorescence is a known phenomenon @rhét al. 1996, Van Molkeret al.
2005, Brandel 2007, Torices & Mendez 2010).

Numerous studies have shown that seed weightsgiyely correlated with the
probability of germination (Counts & Lee 1991, Li&ht& Ehrlen 2005), time prior to
germination and seedling growth (Meyer & CarlsonOR0 Khera et al. 2004).
Nevertheless, seed weight is not the sole predaftseedling development. Many other
factors are assumed to affect this initial phaselant life; the identity of the mother
plant, for example. The effect of mother plant itkgnon seedling development can be
attributed to genetic effects (Lacey 1996, Weimdral. 1997) or other, possibly
epigenetic, maternal effects related to microhalgiteditions in which the mother plant
was growing (Ouborg & Vantreuren 1995, Lacey 196@&|lloway 2001, Hereford &
Moriuchi 2005). Seedling development was also shéevalepend on seed shape and
position of the seed within the flowerhead (BrandeD7), but see Van Molken et al
(2005), who found no such effect. It is also knotlvat germination can differ between
populations (Counts & Lee 1991).

Despite the high number of studies on the relahgs between plant traits,
habitat characteristics, seed weight and seedler@pnance, we still lack studies that
would explicitly separate the effects of seed weigbm other effects such as the effect
of the mother plant or of the environment of tharigin. This is because seed weight is
largely affected by properties of both mother pdaartd populations (sites), which make it
difficult to separate the effect of seed weighnirall other possible determinants of seed
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performance. To achieve this, we need to studyp#réormance of seeds of different
weights originating from the same mother plants eohpare the effect of seed weight
among different mother plants coming from differepopulations (sites). When

performing such a comparison, it is not possibleséparate the effect of maternal
environment and effects of specific genotype ofrtiather plant.

The aim of our study is to describe the factorsedaihg seed weight and
subsequent growth of seedlings in the model pladcies Scorzonera hispanica,
Cichorioideae, Asteraceae. Specifically, we airsdparate the effect of seed weight from
the effect of mother plant traits and the effect habitat conditions on seedling
performance. We asked the following questionsW{Hat is the effect of site conditions
and mother plant traits on seed weight in natuogiutations ofS. hispanica®ii) What is
the effect of seeds size, mother plant and siteachkeristics on seed germination and
subsequent growth of seedlings?

In contrast to some other Asteraceae species ttex and inner seeds within a
flowerhead inS. hispanicare not clearly morphologically differentiated. Téés only a
short gradient from straight seeds (in the midd)slightly curved seeds (at the
periphery) but there can be a large variation iedseeight within a flowerhead and
between flowerheads within the same plant. The sseeel not dormant and the species
does not form persistent seed bank (Miinzbergové)200

In a previous study, Minzbergova & Biava (2010) studied the effect of seed
weight, population characteristics and their intBoas on the performance d.
hispanicaby studying seeds of the same range of weightpleahfrom 20 different sites.
In this study, we expanded this approach by compathe performance of seeds of the
same range of weights coming from individual motpkants from different populations.
We are thus able to separate the effect of seeghtyehe effect of the mother plant and
the effect of the site.

MATERIALS AND METHODS

Study system

Scorzonera hispanica. (in English known as black salsify or Spanishlsifg,
Asteraceae) is an allogamous perennial herb grovangly in dry grasslands of central
and southern Europe being common in the IberiannBela. In the Czech Republic, it
occurs in central and northern Bohemia and southtaravia. It has a single rosette and
a single flowering stalk with one to seven flowetie. It is occasionally cultivated for its
edible rootstock and is naturalized locally (Chdt@v6). In the study area, it is, however,
considered native.

The populations included in this study are dispgisean area of dry grasslands in
northern Bohemia, Czech Republic, covering aboGtskh km. In the past, the area was
covered with a fine-scale mosaic of pastures asldgithat were largely interconnected
by grazing cattle (Chylova & Miinzbergova 2008).p¢sent, large areas of arable fields
surround the remaining grasslands. All the stuthssare abandoned at the present time
and comprise mosaic of homogeneous grasslandsxguashaing shrubs. The plants are
grazed by ungulates (European Roe d€apreolus capreolus.) at natural sites; no
other type of herbivory was observed (Hemreval. 2012). For this study, we used 7 of
the 21 populations that were found in a field syreé the landscape. The selected
populations range from 48 to 2500 flowering indiads (Table 1). Genetic variability in
the field is rather high; Nei's genetic diversifytloe populations ranges from 0.04 to 0.32
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indicating that all the populations are geneticalgriable (Minzbergova & Rlaova

2010).

Tab. 1: Geographic positions and population sizes (estimated as number of flowering individuals in 2009)
of sites included in the study.

Longitude Latitude Population size
1 13°58'39.6"  50° 29'45.9" 48
2 14°14'6.7" 50° 32' 2.9" 296
3 14°5'21.9" 50° 32' 58.2" 600
4 14° 13'59.3" 50° 32' 11.6" 740
5 14°14'13.9" 50° 31'46.6" 1600
6 14°5'16.4" 50° 32" 25.0" 1920
7 14°15'12.6" 50° 31'44.6" 2500

Seed sampling

The main goal of the study was to estimate thecefs® mother plant and site on seed
weight and the effect of mother plant, site anddseeeight on germination and
subsequent seedling growth. To study the relatipnisetween sites, mother plant traits,
seed weight and

subsequent plant growth, we sampled 10 flowerheaws, per plant, in each of seven
sites at the time of fruiting in July 2007. We stéel the seven sites with the aim to cover
the range of population sizes across all populatiamd to make this range as wide as
possible. We preferentially collected non-grazednfd because in grazed plants it is
difficult or impossible to measure mother plantitt/aand collect developed seeds for
further experiments. Flowerheads within plantsenvselected randomly. We noted the
height of each plant and its number of flowerheads.

Mean seed weight per flowerhead was calculatedhastotal weight of all
developed (visually full) seeds in the flowerheadided by the number of developed
seeds. When measuring seed weight, we used whodaesj.e., fruits including pappus,
in all analyses. The weighting was performed usinglytical balance with precision
0.01 mg. In the whole text we use the term “seed'tlie whole achene.

We selected 5 seeds from each of the 10 flowerhiads each site. The seeds
were selected with the aim to evenly cover the whainge of seed weight in each
flowerhead. All seeds in the inflorescence weregihved, and five seeds corresponding in
weight to the median, upper and lower quartiles both extremes were chosen from
each plant. The minimum seed weight across alitpland sites in the data set was
2.57 mg, and the maximum was 22.06 mg (SE = 0.18 Wige mean range between the
lightest and the heaviest seed within one mothantphcross all the plants was 6.80 mg
(SE =0.31 mg). This sampling strategy was usefddibitate separation of the effects of
site, mother plant and seed weight on seed gerimmand seedling performance.

Common garden experiment

For each of the selected seeds, we recorded ithtvand planted it individually in a pot
into soil collected at one locality within the syudrea in a greenhouse at the beginning of
March 2008. The seeds were watered regularly,g@nchination was recorded in 3-day
intervals over the period of seed germination (uht 26" day, 8 measurements in total).
The first seed germinated nine days after planfthgs day is referred to as ’'start of
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germination’ in the subsequent text), and we used since this start of germination as a
measure of the time to germination of each seed.

The seedlings were later measured at 1-week ingewvdil the 58' day and then they
were transplanted to single pots in the commonegaethd measured four times until the
1739 day at the end of August. In the first periods, measured length of cotyledons
until they dried (22 days since start of germinatidAfterwards we measured the length
of the longest leaf. A plant was counted as gertathavhen its cotyledons reached at
least 1 mm in length. Seeds that did not germimatiein two months were considered
non-viable. Subsequent monitoring of the germaratots confirmed that these seeds
did not germinate even later. The plants wereh&rrtmonitored during the next field
season to estimate the effect of the mother pkite, and seed weight on subsequent
growth. Most of the plants did not flower in thdléwing season, so only vegetative
parameters were analysed (number of leaves, agthland width of the longest leaf). In
all the subsequent analyses we compare size disptaegasures at the same occasion, i.e.
at the same day, independent when the given sedly germinated. Due to this, the
information about time to germination for each sesdpartly correlated with the
information on plant size (plants that germinats@n and younger and thus smaller). We
use this measure of plant size, rather than a measmparing plant size of plants of the
same age as it is more relevant to competitioratanal conditions.

Statistical analyses

We used the data to explore the effect of the nigthet traits (height and flowerhead
number) and population size on seed weight anced sveight, mother plant traits and
population size on seed germination and seedlimyvity. The relationships among
mother plant traits and population size the seeightieand the germination and growth
of the plants were analysed using mixed effects etsoth Ime4 package (Batet al.
2012) in R (R Core Team, 2012).

To study the factors affecting seed weight, we rexdtenother plant height and flower
number and (log)population size as fixed effectd aopulation and mother plant as
random effects into the model. P-values were obthlyy likelihood ratio tests of the full
model with the effect in question against the mad#iout the effect in question.

To study the factors affecting germination, surVigad offspring growth, we used
seed weight, mother plant height and flower numdoed (log)population size as fixed
effects and population and mother plant as randiéects. The dependent variables were
germination of seeds (germinated or not), germomatime (expressed as the number of
days since start of germination), seedling survigakvived until the 173 day or not)
and seedling size (cotyledon and later leaf lengthpll the above mentioned time
periods. The effect of all the mentioned indepenhdemiables on the germination and
survival was tested using generalized mixed-effeotlel with binomial distribution of
the dependent variable and the normal distributadinthe dependent variable in
germination time and seedling size, respectivehe Tesiduals of cotyledons and leaf
length were normally distributed, so no transfoioratwas necessary. Time to
germination was log transformed before analyses.

Because the plants were measured repeatedly awer (L5 measurements of
seedling size in total), we first used the wholeadset and tested the effect of time and
seed weight, mother plant height and flower numbed (log)population size in
interaction with time in a single test. Populationgther plant and seed were used as
random effects in these tests. In case of anyfggni interaction between the plant or
population characteristics and time, we repeateddhbts separately for each time period.
This allowed us to see the persistence of thetsfimeer time.
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RESULTS

In the plants under study, the mother plant trgptant height and flowerhead number)
had no effect on mean seed weight (p = 0.938, Rfrer 6, Dev = 0.1 for plant height
and p = 0.54, Df error = 6, Dev = 0.4 for floweraaumber, respectively). Seed weight
was also independent of population size (p = @E&rror = 6, Dev = 2.0).

In the common garden experiment, seed weight hasigaificant effect on
germination rate of the seeds and seedling survpaio 6 months, but not on time to
germination (Table 2). Specifically, heavier segdsminated better and seedlings from
those seeds also had higher survival rate. Alsallptipn size affected the germination
rate and seedling survival up to 6 months, but mibd have any effect on time to
germination (Table 2). Specifically, seeds frongé&rpopulations germinated more often
(Fig. 1) and more of them survived. The mother plaeight and flowerhead number did
not have any significant effect on seed germinattone to germination and seedling
survival (Table 2).

Seedling growth over time was significantly affectey seed weight and time, but
not by mother plant height, flower head number papulation size. The seedlings from
heavier seeds were larger and they became eveer laxgr time. Also there was a
significant interaction between time and seed weggttd time and population size (Table
3). No other interactions were significant (Tab)e 3

When tested separately for each time period, sesdhivpositively affected the
seedling growth betweerl"@0 66" day (Table 4) and the significant impact of pofiota
size occurred only once in th& @ay since germination (p = 0.041, Dev = 4.18, e
=6, Dev = 4.2). The seedlings coming from heaseads were larger (Fig. 2 and 3).

The time to germination was not affected by anynefasured variables (see Table
2).

Tab. 2. Effects of seed weight and mother plant and population characteristics on plant performance.
Proportion of variability in germination rate and survival (Df error = 6) and time to germination (Df error =
7) explained by seed weight, mother plant traits and population size. Proportion of variability in seed
weight (Df error = 6) was explained by mother plant traits and population size. Dev. indicates deviance
explained by the model.

(Log)time to

Seed weight Germination Survival germ
p Dev p Dev p Dev p Dev
Seed weight <0.001 129.39 <0.001 82.98 0.796 0.18
Mother plant height 0.938 0.1 0.660 0.19 0.756 0.10 0.674 0.06

Mother plant flower no 0.54 0.4 0.678 0.17 0417 0.66 0.803 0.02
(Log) population size 0.16 2.0 0.015 5.87 0.036 4.41 0.380 0
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Tab. 3. Impact of time, seedling weight, mother plant traits (plant height and flowerhead number),
population size and their interactions on seedling growth over the time. Dev. indicates deviance explained

by the model.
Seedling size

p Df error
Time <0.001 2685.8 9
Seed weight <0.001 24
Mother plant height 0.7617 0.09 24
Mother plant flower no 0.5526 0.23 24
(Log) population size 0.1775 1.82 24
Seed weight*time <0.001 73
Mother plant height*time 0.996 4.01 73
Mother plant flower
no.*time 0.774 11.02 73
(Log) population size*time  <0.001 73

Tab. 4. Proportion of variability (Df error = 7) in seedling size explained by seed weight in different periods
(no. of days since germination). For days 0-22, the dependent variable is the length of cotyledons. Further

on, it is the length of the leaves.

The effects of mother plant traits (plant height and number of

flowerheads) were not significant in any case and are thus not shown. The 6th day since germination also
occurred the significant effect of population size (p = 0.041, x2(1Df) = 4.18, Df error = 6, Dev = 4.2).

Days since germ. p Dev
3 0.340 0.91
6 0.137 2.20
9 0.007 7.33
12 <0.001 16.42
15 <0.001 19.83
19 <0.001 19.71
22 <0.001 18.52
26 <0.001 31.09
32 <0.001 31.61
41 <0.001 14.65
55 <0.001 11.64
66 0.017 5.71
79 0.179 1.82

101 0.382 0.80
173 0.682 0.21
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DISCUSSION

The results of this study demonstrate that seedhwés an important predictor of plant
performance in early stages of plant developmeut,tthe effect disappears over time.
Also the effects of population size are significamtly in the early stages of plant
development. In contrast, mother plant height amehlver of flower heads did not have
any significant effect on plant performance thromgftthe whole study.

The main aim of the study was to test the effécdiemd weight, mother plant and
population characteristics on seedling performanate exposed plants. The sampling
design allowed us to separate the effects of sesightvfrom the effects of site and
mother plant and observe their strength in diffeygmases of plant growth. The strong
influence of the seed weight on germination wasesponding toe.g.,Counts and Lee
(1991), Lehtila and Ehrlen (2005) and also to pyasigermination experiments &
hispanica(Munzbergova 2006). In whole process we found ecebf plant height and
flowerhead number on plant performance, despiteetineere differences in offspring
performance among single mother plants. The difiege in seed and seedling
performance among mother plants were often obsdMietheret al. 1997, Castro 1999,
Ortmanset al.2016), but rarely connected to mother plant s&etyold 2002).

The effect of population size emerged in germimaad survival, while the effect
of seed weight was evident for several weeks,istpgix days after germination. The
higher germination rate and survival in the seedsflarger populations is in accordance
with some previous studies (Heschel & Paige 199bjtdn et al. 2000, Vergeeet al.
2003, Ortmangt al. 2016). The population size tends to be conneci#ddlat of factors;
e.g. the genetic diversity (Ouborg & Vantreuren3,990stermeijeet al. 1998, Hensept

40



al. 2005, Leimuet al. 2006), habitat suitability (Oostermeijet al. 1998, Heglanckt al.
2001, Busch & Reisch 2016) or plant-animal intecars, both mutualistic and
antagonistic (Cheptou & Avendano 2006, Magéerml. 2012, Anderssoet al. 2016). In
our dataset, the population size did not signifiiacorrelate with no of such available
data. However, it could be because of the low nurobcalities.

None of the measured factors affected the timgetanination (see Castro 1999,
Ortmanset al. 2016 for similar results). This contrasts to poed study on germination
of seeds of the same species under comparabletiomsdin the greenhouse with the
same frequency of measurements indicating that itleaseeds germinate faster
(Minzbergova & Plé&kova 2010). The time period between the first ahd tast
germination was about 20 days, but very few seedwigated after TDday. In contrast,
the seeds in the study of Munzbergova and Placka®&0) germinated over a period of
30 days and the study was thus more likely to detgterences between seeds of
different size. This difference can be probablyiladted to the climatic conditions, as in
both cases the germination took place in greenhattbelimited temperature regulation
and under natural sunlight.

Even a 10 day difference in time to germinatiom teve, however, significant
effect on seedling growth (reviewed in Verdu & Teaet 2005, Castro 2006) up to plant
fecundity several years later (De L@isal. 2008, Merceet al. 2011). Despite we found
no significant driver of this process.

As the seedlings grew, the differences in sizeeaped in 8 day after germination,
when the effects of seed weight and population @izplant size were detected (Table 3).
The higher germination rate in heavier seeds hah deund inS. hispanicain the
previous studies (Munzbergova 2006, Minzbergov®l&kova 2010). The positive
effect of seed weight on performance of plantsaryestages of their development is in
agreement with many studies on various species (@uforg & Vantreuren 1995, El-
Keblawy & Lovett-Doust 1998, Castro 1999; but sés &immerman & Weis 1983,
Wulff 1986, Latzelet al. 2009). In previous studies, the effects of seezlght
disappeared within a few weeks (Meyer & Carlson 13p@vhereas in our study the
effects on seedling growth ended more than two hwfdter and influenced even the
seedling survival.

The lack of significant effect of the mother plantits (height and number of
flowerheads) on anything might be also biased bsxaif grazing. At natural localities
the taller plants with more flowerheads are mokelyi to be grazed by roe deer (pers.
obs.). In the experiment, we preferably chosenthregrazed plants, because the seed set
might be affected or lost due to herbivory in thazgd plants. We thus might not include
the whole spectra of mother plants traits and tbezethe effect of the plant height and
flowerhead number could not be detected.

Growing plants were further monitored during tleldwing field season, but no
effects of seed weight, mother plant and site vefxserved. This may be due to the fact
that the plants were grown under favourable comm@men conditions, so the initial
differences that would have had strong consequenndsr natural conditions did not
matter, as all the plants had enough resourcegdiahdot have to struggle for survival.
We attempted to reduce this bias by growing thatplén soil from natural stands, but
biotic factors such as competition among plantsewest simulated. Alternatively, the
absence of mother plant and seed weight effedtter stages of plant development can
be explained by the fact that more advanced stafgeleint development tend to vary less
among various treatments, as shoem., by Aarssen and Burton (1990) and Han and
Lincoln (1997).
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CONCLUSIONS

The present study shows that seed weight variesuéitple hierarchical levels ranging
from the within-flowerhead to inter-population @ifences. Despite this high variation, it
was possible to select seeds of a similar ranggzet from multiple mother plants from
multiple sites and thus separate the effect of semtfrom other possible determinants of
seed germination and seedling performance.

The results showed better performance in seedfirtgs heavier seeds and from
larger populations. The seed weight affected geaition rate, seedling growth within 2
months and seedling survival. The seeds from Igogeulations had higher germination
rate and seedling survival. The mother plant trdits not affect any studied variable,
despite the performance of seedlings from individoather plants was different. There
are probably other unmeasured mother plant prgsersuch as genotype or individual
history, including habitat conditions from whichetplant originated and plant-herbivore
interactions, which plays role in seedling recr@tnofS. hispanica
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CHAPTER 2

Pollen limitation and pollinator preferences inScorzonera hispanica

Zita Cervenkovéa & Zuzana Miinzbergova
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ABSTRACT

The plant life cycle is often affected by animakugl interactions. In insect-
pollinated plants, interaction with pollinatorsvery important. When pollen
transfer due to a lower abundance of pollinatomsité seed production,
selection pressures on plant traits related totpddimaction to pollinators
might occur,e.g on flowering phenology, height or number of flotweads.
Landscape changes.¢ habitat fragmentation or changed habitat conai#jo
may cause plant-pollinator systems to lose balamzk consequently affect
population dynamics of many plant species. We stlidhe relationship
between measured plant traits, environmental vmsakand pollinator
preferences in Scorzonera hispanica Abteraceae), a rare perennial,
allogamous herb of open grasslands. We estimaegalen limitation by
comparing seed set of supplemental-pollinated plamith that of open-
pollinated ones. Pollinators selected plants basedposition within the
locality (isolated plants close to trees) rathemtlon their traits. In spite of a
high proportion of undeveloped seeds on the plamés,demonstrated that
they are not pollen limited. Instead, seed set amight of seeds was
correlated with plant size traits (height and flolaead number), with larger
plants producing more and larger seeds. This stg¢fest the studied plants
are likely resource limited. Overall, the resuliggest that pollinators are not
a selection factor in this system, in contrast tedi®s on various plant
species, including self-compatible species of tlsteraceae. The lack of any
effect of pollinators in the system may be causga Istrong negative effect
of ungulate herbivores, which could play a decisse in functioning of the
system.

Keywords Evolution; floral display; generative reproductjoheritability;
outcrossing.
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INTRODUCTION

Biotic and abiotic interactions during the flowegiperiod may influence plant flowering
strategy due to selection pressures on plant reptive traits (Elzingaet al.2007; Ehrlén

& Minzbergova 2009). Floral visitors, for exampdeert important selection pressure on
flowering traits in insect-pollinated plants (Ashmet al. 2004). One necessary condition
for the evolution of a plant trait due to pollinegas that the trait is heritable and at the
same time relevant for the plant—pollinator relasioip. The occurrence of pollen
limitation in a species is a second necessary tondor the existence of selection pres-
sure (Ramsey 1995; Knight al. 2005). Pollen limitation arises when seed productf
the maternal plant is limited by pollen receiptv{esved in Ashmaret al. 2004; Knightet

al. 2005). Pollen limitation is expected to be more pwn in obligate outcrossers than in
self-compatible plants (Knigtdt al. 2005). Pollen limitation is also expected in spsci
with specialised pollinators when the species odouwsmall populations (Agren 1996;
Milberg & Bertilsson 1997; Cheptou & Avendano 200dpwever, in some cases, pollen
limitation may arise even in large populatioesy as a consequence of a reduction in
abundance of flowerheads by herbivores and in epetith generalist pollinators (Pilson
2000 in Liliaceae; Knight 2003 in Asteraceae).

Pollen receipt is not the only factor limiting sga@duction. Resource availability
within a microsite and resource acquisition byrag plant or single inflorescence may
also affect seed set (Herrera 1991; Mustajatval. 2001; reviewed in Diggle 1997,
2003).

To understand pollinator selection pressures omtpfwering, we need to
separate the effect of limited resource availabfliom the effect of pollen limitation and
determine the role of the pollen limitation. Howe\&udies seldom separate these factors
(Agren 1996; Pflugshaugt al. 2002; Sandring & Agren 2009). The methodical pple
is based on comparing open-pollinated plants witds¢ that receive supplemental hand-
pollination. Plants not suffering from pollen limiton do not have extra resources
available for maturation of ovules fertilised afsipplemental pollen receipt, so their
seed set does not differ from that of open-polédaplants. When plants suffer from
pollen limitation, supplemental-pollinated plantavh a larger seed set than open-
pollinated plants (reviewed in Knight al. 2005).

Pollen limitation combined with pollinator prefenexerts selection pressures on
flowering traits. Many studies have found signifitaelationships between attraction of
pollinators and floral display, both in field stedi(Willson 1979; Ohashi & Yahara 1998)
and in manipulation experiments (Andersson 1996;aAhm 2005) for a wide range of
plant families €.g. Asteraceae, Malvaceae). Pollinator abundance oféeies over the
flowering season, and several studies found pditheitation especially in the later part of
the flowering period (Ramsey 1995 in Liliaceae; t8adreu & Lloret 1999 in Ericaceae;
Elzingaet al. 2007 in Polemoniaceae).

There is an assumption that during the evolutiorfl@ivering, plants evolved
towards an optimal strategy, in which the costatbfction balance the benefits for seed
maturation. It might thus be expected that no gfrselection pressures on flowering traits
act at any given time. However, when the long- téatance between plants and their
pollinators is disrupted, for example due to habigmentation or species diversity loss,
pollen limitation may occur and plant-pollinatortaractions may represent strong
selection pressures (Ghazoul 2005 in AsteraceaffaBtDewenter & Tscharntke 1999 in
Brassicaceae). The aim of this study was to idgrsélection on traits related to
flowering in a rare perennial, allogamous plant ceg®e Scorzonera hispanicd..
(Asteraceae). Narrow specialist plant-pollinatdatienships are rare in the Asteraceae,
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and pollen transfer by generalist pollinators isrenoommon (Ghazoul 2005; Ellis &
Johnson 2009). Nevertheless, several studies fmawel fpollen limitation or pollinator-
mediated selection pressures in the AsteracearP{000) inHelianthus annuusnd
Cheptou & Avendano (2006) i€repis sanctabut see the experimental studies on
Heterotheca subaxillari@Olsen 1997) an@entaurea scabios@Ehlers 1999).

Scorzonera hispanicia our study area of fragmented dry grasslande&jly has
a high proportion of aborted seeds. Previous ssuidighe system demonstrated that the
populations are highly genetically variable and tih& high proportion of aborted seeds
is thus probably not a consequence of inbreedingn@dergova & Plkkova 2010).
These facts raise the question of whether undeedlgeeds within flowerheads are
caused through pollen limitation or a lack of reses. Pollen limitation in the system is
likely to arise due to strong turnover of land usé¢he area in the last century, leading to
high levels of fragmentation and thus isolation thé single habitats (Chylova &
Minzbergova 2008). Many species, includi®y hispanica that are restricted to
fragments of dry grasslands are currently rare hie kndscape, with only a few
populations in the region (Knappoeéal.2012). In addition, the selection on flower- ing
traits in the system is likely affected by high aratiable levels of mammalian herbivory,
the abundance of which has recently increased énaitea (Hemrovét al. 2012).
Simultaneously, there is a high variability in glaraits (mainly height and number of
flowerheads), which might affect attraction of gkarto pollinators. To identify the
potential selection pressures in this system, Wwedthe following questions: (i) is seed
set ofS. hispanicdimited by pollen receipt or resource availabilignd (ii) what are the
criteria for pollinator choice and, consequentlgtgmtial selection pressures on species
reproductive traits, including floral display anldviering phenology? To answer these
questions, we studied the relationship between wnedsplant traits and pollinator
preferences on tagged plants in the field. To eg@nthe rate of pollen limitation, we
compared supplemental-pollinated plants with thengpollinated ones.

MATERIALS AND METHODS

Study system

The study system is situated in an area of drystgads in northern Bohemia, Czech
Republic. In the past, the area was covered witheascale mosaic of pastures and fields.
At present, large areas of arable fields surroumedremaining grasslands. Most of the
localities are now abandoned, forming a mosaicrasglands with expanding shrubs and
trees (Chylova & Minzbergova 2008). The flowerlksadf S. hispanicaare often grazed
by ungulates (Hemrowt al. 2012).

The study population is situated at Holy vrch, whis a mild, south-facing slope
with a mosaic of open grasslands and shrubs, apdesents one of the largest
populations in the area witta. 1600 flowering individuals. The dry grasslands ¢en
classified as belonging to the Bromion erecti KA&26 community (Ellenberg 1988),
and are undergoing a slow succesional process dsvesk or hornbeam forest (Chylova
& Minzbergova 2008). The locality is seldom visiteg people and provides enough
space and plant individuals for manipulative expents.

Scorzonera hispanicd.. (Asteraceae) is a perennial herb, the centreitof
distribution range being the Iberian Peninsulahwitattered occurrence in dry grasslands
in Central and Southern Europe. Occasionally ituKivated for its edible root and is
locally naturalised (Chater 1976). In the studyaatas, however, considered native. Rare
occurrences of distinct popu- lations in privatedgas are possible, but we do not have
any information on this.
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The plant has a single rosette and one floweriatk stith one to seven yellow
flowerheads, opening successively from the uppetrmothe lowest. The flowers within
flowerheads open from the outer towards the ceower 3-5 days, depending on the
weather (personal observation). The flowering pmkrio the study region, northern
Bohemia, Czech Republic, is from late May to thgibeing of July, with a peak of
flowering in June. In the study area, the most comnfiower visitors are beetles
(Mordellidae, Buprestidae, Dasytidae, Oedemeridagra@bycidaeand Chrysomelidag
and beesApidae, Megachilidae and Halictida€ervenkova & Miinzbergova personal
observations). While many species of the Asteraceay be autogamous or even
apomictic, previous experiments with the studiedcggs indicate no developed seeds
arise without pollen transfer. The plant can thasclassified as self-compatible but not
capable of spontaneous selfing, so a pollinatonesded in all cases (Banga 1961,
Munzbergova & Pléovéa 2010).

Field experiment

In the peak of the flowering period, from 10 to Jthe 2010, we chose and tagged 204
fertile plants in the same phase of opening oluyer (first opening) flowerhead. A total
of 99 plants were monitored in the first run (10<lBe), and a second group of 105
plants was monitored in the second run (14— 18)JWie started the experiment on the
first day of opening of the upper flowerheads. Bseaof the possibility of different
fecundity of flowerheads within the plant (persomdiservation; reviewed in Herrera
1991; Diggle 1997, 2003), we only worked with thmper flowerheads (one flowerhead
per plant). For each plant, we recorded height,bermof flowerheads, length of the upper
flowerhead (measured as length of the whole cldsmderhead including the ovary),
number of open flowerheads 8f hispanicawithin 1 m, height (cm) and cover (%) of
surrounding herbs within a 0.5-m radius and ocecweeof trees or shrubs within a 1.0-m
radius. Different radii were chosen for herbs aubls and trees because of their different
heights and thus different assumed impacts on wliorate, plant performance and
pollinator preference. The very rare co-occurreradesshrub and a tree within the radius
around a plant were recorded as ‘tree’. For thebmrmof surrounding open flowerheads,
we used the mean number for the whole 3-day pefitide observation.

The flowerheads opened every day from about 0&301t00 h, depending on the
weather, which was sunny or partly cloudy throughtba whole experiment. During that
time, each flowerhead was observed for pollinaisitss every 1.5 h for a total of 30 s
(three times per day per flowerhead on averageg Aimber and species (or higher
taxonomic group) of visitors were recorded. Floveearth visitors were identified in the
field or collected for later identification. Thesiiation rate was estimated as the number
of observed visitors per 30-s period.

To estimate the impact of pollen limitation, halftbe tagged plants were randomly
selected for supplemental hand- pollination. Thensd received hand-pollination every
day of the observation in the period in relatiorthe highest length and wetness of the
stigma, which indicates its receptivity. The polleras transferred (after the 30 s
observation period) to the stigmas using a paistirdrom at least three pollen donor
plants randomly chosen among plants 2—10 m fronfioied plant.

The pollinator monitoring and supplemental handipation was repeated every
day until all flowers in the flowerheads had witheér(3—4 days). At the end of the
flowering, the seeds were left to mature and ct#l@c3 weeks later. Thereafter, we
recorded the number of developed (visually fullyl aaborted seeds and the weight of
developed seeds per flowerhead. Mean seed weightestimated on the basis of the
number and weight of developed seeds within eamheithead. When measuring seed
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weight, we used whole achenes, seeds including carpels (pappus). We were unable t
analyse 32 out of the 204 studied plants becausee tivere browsed by ungulate
herbivores.

Statistical analyses

The role of single variables in the study systens tested with path analyses (structural
equation modelling) using the AMOS 5 software (Snvahters Corp., Chicago, IL,
USA). We designed three models for the number ofeldped seeds, proportion of
developed seeds and mean seed weight as deperat@&itles. The causal relationship
among plant height, number of flowerheads, lendgthpper flowerhead, number of open
flowerheads of5. hispanicawithin 1.0 m, height and cover of the surroundiegetation
within a 0.5-m radius, occurrence of trees or skruwbthin a 1.0-m radius, insect
visitation rate and the supplemental pollinationd gplant performance (number of
developed seeds, proportion of developed seedsnaadh seed weight) were estimated.
Simultaneously, vegetation cover, individual plaeight and flowerhead number were
each affected by a latent variable representingdhbiglual variation. For the structure of
models, see Fig. 1. The significance of the retelingpps was estimated using the
generalised least squaresmethod because the lesider@ over-dispersed. Length ofthe
flowerhead was not significant in any model, sevétsremoved from the final models.
The surrounding vegetationheight and vegetationeccavere closely correlated. As
vegetation cover performed better in the modeldidenot incorporate vegetation height
into the final models.

Because the model for the number of developed samedisroportion of developed
seeds gave very similar results, onlyresults fertimber of developed seeds is shown in
theresults. See the Supplementary information tberodiagrams showing results for
mean seed weight and proportion of developed séedsldition to the above-described
tests, we performed several other tests. Theirltegswowever, did not differ from the
results of the above tests and are thus not prexse®pecifically, we included insect
visitation rate separately for different pollinatdunctional groups (Coleoptera +
Heteroptera, Hymenoptera and Diptera) in the modad. also performed all the tests
only for plants from open grasslands,excluding fgamder the woody cover from the
data set (64 out of 168 plants were excluded). llyinave also performed allthe tests
separately for the single observation runs andeiolgservation days.

RESULTS

The flowerheads contained from 0 to 90% develomstis (37 + 2%, mean + SE); the
remaining the seeds was aborted. No seeds appareatjed by insect seed predators. In
total, 24 different insect species were observesiting flowers ofS. hispanicaat the
locality (Table S1). Because of flowerhead morpggloall the insect species were
considered as potentially effective pollinators.

The number of developed seeds per flowerhead ambgion of developed seeds per
flowerhead were significantly affected by plantdigi(Figs 1 and 2) and by the number
of flowerheads. Neither the insect visitation na¢e the supplemental pollination had any
significant impact on the seed set. However, btdhttheight and flowerhead number
were affected by vegetation cover and the occuerehtrees and shrubs. This might be
evidence for a limitation from resource availalgiliather than from pollen transfer (Fig.
1). The insect visitation rate was negatively gtddy the number of sur-rounding
flowerheads o8. hispanicgFigs 1 and 3). The visitation rate was higher in
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Fig. 1. Path model depicting the hypothesised causal relationships between environmental variables, plant
traits, pollen transfer and resulting seednumber. Width of each arrow is proportional to the standardised
path coefficients (see legend for scale), and dotted lines indicate negative paths. Asterisks indicate values
significantly different from 0 (P < 0.05). Numbers in bold are estimates of the proportion of total variance
explained by all relationships (squared multiple correlations) for each dependent (endogenous) variable.
Variables and paths representing unmeasured residual variation are not included for simplicity.Themodel
fit was significant (y2 = 35.5, df = 14, P = 0.01)

flowerheads close to a tree. In theproximity ofuslsror in open vegetation, the visitation
ratewas lower (Fig. 4).

Insect visitation rate was independent of plangheandslightly positively affected
by flowerhead number. The overallmodel with numitfedleveloped seeds per flowerhead
was significant)(2 = 35.5, df = 14P = 0.01). The model explaining theproportion of
developed seeds (Figure S1) had a very simil&git 35.6, df = 14P = 0.01), and
causal relationships were thesame, with very sirstlandardised path coefficients,
exceptfor the non-significant impact of the numbktfiowerheads on the proportion of
developed seeds. The mean seed weight per floneeri@s not significantlyaffected by
any related variable (Figure S2). As in previousisis, plant height and flowerhead
number were affected bythe vegetation cover androeace of trees and shrubs;
moreover, the vegetation cover and occurrencesebtand shrubs were correlated. The
causal relationships among independent variablésresect visitation rate were the same
as in the previous models. The visitation rateetit between the first and second
experimental run, with a 2.2-fold higher visitatiate in the first experimental run {R
0.055,P < 0.001; Figure S3).
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Fig. 2. Impact of plant height on the number of developed seeds per flowerhead. There is no significant
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Fig. 3. Impact of surrounding flowerheads (mean number of the open flowerheads within a 1-m radius for
the whole 3-day period of the observation) on pollinator visitation rate. The graph shows all the plants in
the experiment, even those that were browsed later and then excluded from further analysis.
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Fig. 4. Impact of the woody cover on insect visitation rate; visitation rate of the flowerheads under trees
(n = 27) was higher than in flowerheads under shrubs (n = 44) or in open grassland (n = 133). The visitation
rate was estimated as the number of observed visitors per 30-s period. The graph shows all plants in the
experiment, even those that were browsed later and then excluded from further analysis.
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DISCUSSION

This study demonstrated several significant rehsingps among the environmental
variables, plant traits and seed set. The plantatien by pollinators was affected by
several environmental variables, but pollinatord kot have any direct impact on seed
set. On the basis of the positive relationship kbetwresource availability (evaluated as
surrounding vegetation cover) and plant height #aderhead number per plant, we
suggest that seed set in the system is resourdedimather than pollen-limited. This
conclusion is also supported by the fact that haoltination did not increase seed set in
S. hispanicaPollinators thus probably do not represent anontgmt selection agent in
this system.

The results also suggest that directional seleabiortheflowering traits does not
occur here.S. hispanicadoes not suffer from pollen limitation, and the lpaitor
interactions with plant traits are rather weak. Seheesults contradict results ofstudies
using similar experimental methods to detect pdhatation in Lythrum salicaria
(Lythraceae), Prunus mahaleb(Rosaceae) andArabidopsis lyrata (Brassicaceae),
respectively(Agren 1996; Pflugshauet al. 2002; Sandring & Agren 2009). On the
contrary, the results are in agreement with En&&9), who found no pollen limitation
in C. scabiosa(Asteraceae), or Olsen (1997), who excluded poliemtation in
Heteroteca subaxillaris(Asteraceae) using the hand-pollination methodis Timay
indicate that species from the Asteraceae arelilkedy to be pollen-limited than plants
from other families due to their generalist flowmeorphology.

Pollen limitation is less common in self-compatiBlgeciesthan in species that are
self-incompatible (Mustajarviet al. 2001). Milberg & Bertilsson (1997), however,
confirmed pollenlimitation even in a self-compatibbpecies.S. hispanicais self-
compatible but it is not capable of spontaneous$-ps@lination, so pollinators are
required for successful selfing. Pollen limitatioould thus theoretically also occur in the
self-compatibleS. hispanica Reasons for the lack of such limitationare diseds
below.The diversity of pollinators in our systemswquite high. Franzen & Larsson
(2009) found opposite impact of different groups paillinators onKnautia arvensis
(Dipsacaceae); therefore we also separately télseedffect of each group of pollinators
on S. hispanicabut no difference between pollinator groups wateded. As stated
above, this may be related to the generalist flawerphology within the Asteraceae.

In spite of the failure to detect pollinator lintitan in thesystem, varying abundance
of flower visitors was observed during the expenin&everal studies have shown that
pollenlimitation varies within a season, being lagheither at the beginning (Ramsey
1995) or at the end of the flowering period (WidE301; O’Neil 1999; Santandreu &
Lloret 1999; Elzingat al. 2007; Weber & Kolb 2011). This variation is likdhcause of
variations in pollinator abundance, abundance fifmwering species or abundance of
antagonists (Ehrlén & Minzbergova 2009). Althoupke humber of pollinators inour
study decreased during the season, we do not @asldction for earlier flowering
because pollinators do not seem to be a limitingofain the system.In our system,
pollinators responded to the surrounding envirornnGen the surrounding flowerheads or
surrounding vegetation cover) rather than to ttatstrof the plants. The pollinator
preference of more isolated plants with less sunding flowerheads contrasted with
similar studies thatfound an opposite pattern (6a2002; Torangt al. 2006). However,
our conclusion concerning the importance of suonobng vegetation for the pollinator
visitation rate is congru- ent with conclusionstlire review of Ghazoul (2005): that in
areas with a lower density of flowerheads, pollimgstspend more time on a single plant,
and therefore the probability of recording the palfor on a flowerhead is higher. In
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addition, the longer time spent on an individuawierhead may translate into the
possibility of increased pollen removal (Harder @9®eff & Simpson 1990), more
pollen deposition on stigmas and/or more florets fi@verhead being successfully
pollinated (Neff & Simpson 1990).

The absence of pollen limitation and pollinator-magedd selection pressure could
indicate a balance in the plant—pollinator systeértha locality studied. This explanation
is tenable because the locality is still ratheristutbed, large and species-rich. However,
the changes in the surrounding landscape are rgjrikin expanding urbanised area,
development of photovoltaic plants, changes iratieunt of intensively Pollination i8.
hispanica managed fields and succession in abandoned pl@eesalso Chylova &
Minzbergova 2008; Knappowd al. 2012). These processes drive changes in the ambien
environment and population dynamics at many laealibfS. hispanicaand also present
a serious also for the system at the locality. s dther hand, the absence of pollen
limitation and pollinator-mediated selection cowl$o be caused by a coincidence of
mutualistic and antagonistic animal—plant intex@agdi in the system, as the plants are
heavily grazed by ungulates (Hemraatéal. 2012).

Opposing selection from mutualists and antagohiassbeen found, by Ehrlén al.
(2012). According to their study, some plant traiteluding inflorescence height, can
influence the total seed production both positivaaig negatively via pollina- tor and seed
predator preferences. In another study, Enysimum mediohispanicur{Cruciferae)
grazed by ibex, a significant selection on flowgrimaits (e.g. flower number, plant
height, petal length) was observed when the grammgulates were absent. When the
ungulates were present, selection on floral tredsipletely disappeared (Gomez 2003).
In our study system, the rate of ungulate herbi(orginly by roe deer) is high. The role
of pollinators could thus theoretically change bestw localities with different herbivore
pressure. Vanhoenacket al. (2013) suggest a decreasing role of selection atedliby
pollinators with an increasing intensity of intetian, whereas selection mediated by
antagonists increases together with the intendityhe interaction. According to this
study, corroborated in the results of Hemreval. (2012), who found a rate of herbivory
between 40 and 100% among localitiesSohispanicawe suppose that pollen limitation
or pollinator-mediated pressure occurs in less baallocalities. A follow-up study at the
landscape level would be needed to explore this.

The high proportion of undeveloped seeds in owtystan most likely be explained
by limited resource acquisition of the plant. Thigling is supported by the significant
relationship between the number of developed saedsmaternal plant height, and also
between mean seed weight and flowerhead lengthisrstudy (Herrera 1991 for similar
findings). In addition, Minzbergovd & Rkova (2010) demonstrated, in the same
system, that seed weight $ hispanicavas significantly affected by habitat conditions,
while Munzbergova (2006) demonstrated that seed beumincreased with site
productivity. This expectation is also confirmed time significant decrease in seed
number and mean seed weight per flowerhead from ughigermost to the lower
flowerheads (personal observation). In general results suggest th& hispanicadoes
not experience any selection pressure on the pasblbnators. Resource limitation is
likely stronger than pollen limitation in this sgst. The realized preferences can hardly
cause any selection pressure because pollinatarectvas not affected by plant traits, but
simply by the ambient environment. This situatisnniot static, however; any shift in
population density, the rate of herbivory or thighdlest change in landscape dynamics
can disrupt the present functioning of the system.
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SUPPORTING INFORMATION
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Fig. S1. Path model depicting the hypothesised causal relationships between environmental variables,
plant traits, pollen transfer and resulting developed seed ratio.
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Fig. S2. Path model depicting the hypothesised causal relationships between environmental variables,
plant traits, pollen transfer and resulting mean seed weight.

58



1.0 ¢

0g p

visitation rate

0Z2r

0.0

06 |

o4t

o Median

B, [ ] 28%-75%
"1 Mon-Cutlier Range

o Cutliers
# Euxtremes
run

Fig. $3. Comparison of insect visitation rate between the two observation runs.

59



Tab. S1. List of the natural floral visitors on S. hispanica, showing the number and capture date of the

determined i

Family

ndividuals.

Species

No. specimens and

date captured

Heteroptera: Rhopalidae

Coleoptera
Coleoptera

Coleoptera

Coleoptera

Coleoptera

Coleoptera

Coleoptera

: Buprestidae
: Nitidulidae

: Mordellidae

: Dasytidae

: Oedemeridae

: Cerambycidae

Chrysomelidae

Stictopleurugpunctatonervo§Goeze, 1778)

Anthaxia(s.str.)nitidula (Linnaeus, 1758)
MeligethesaeneugqFabricius, 1775)

Mordellistena(s.str.)secretaHorak
Mordellistena(s.str.)kraatziEmery

Dasytessp.
Dasytessp.

Oedemergodagrariae(Linnaeus, 1758)
Oedemergodagrariae(Linnaeus, 1758)
Oedemergodagrariae(Linnaeus, 1758)
Oedemerdurida (Marsham, 1802)

Stenopterus rufud.innaeus, 1767)
Stenurella melanurélinnaeus, 1758)
Stenurella melanurélinnaeus, 1758)
Pachytodes erraticualman,1817)

Cryptocephalus violaceusaicharting, 1781

Cryptocephalus sericeusinnaeus, 1758)

1-10/6/2010

3 -10/6/2010

1-18/6/2010

1 male — 10/6/2010
1 male — 15/6/2010

1 -15/6/2010
1-10/6/2010

1-10/6/2010
2 —15/6/2010
2 —18/6/2010
2 —10/6/2010

1 -15/6/2010
1 -15/6/2010
1-18/6/2010
1 - 15/6/2010

2 —15/6/2010
1 - 15/6/2010

Cryptocephalus hypochaeridrikinnaeus, 1758) 1 — 10/6/2010

Diptera: Tephritidae Myopites inul 1-10/6/2010
1-15/6/2010

Diptera: Ulidiidae Sp. 1 -10/6/2010

Lepidoptera: ~

Coleophoridae Sp- 1-10/6/2010

Hymenoptera: . . B

Megachilidae Hoplosmia spinulosa 2 male — 10/6/2010

Hymenoptera: Halictidae

Neosmia bicolor

Lasioglossum puncticolle
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CHAPTER 3

Effect of ungulate herbivory on reproduction of Scorzonera hispanica

Zita Cervenkova & Zuzana Miinzbergova
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ABSTRACT

Of the great number of studies dealing with plastbivore interactions,
only very few have collected detailed data on ih@ng and intensity of
herbivory in connection to plant fitness. Our knegde of the criteria for
herbivore choice and the effects of herbivory ofyireg intensity on plant
performance over time is thus still very limitechelaim of this study was to
assess the relationship between plant flowerintstraerbivore choice, and
the intensity and timing of herbivory and plant naghuction. Herbivores
consistently preferred plants growing in denseret&gon and with a greater
number of flower buds whereas plant height wasastgnificant factor.
The effect of herbivory on seed production wasegbigh, whilst flowering
in the following season was only weakly affectedHuy timing and intensity
of browsing. Resource limitation was thus probablyore important factor
affecting plant performance in the next season tharbivory. Sitill,
herbivory seems to exert consistent selection pressn plant flowering
traits via seed production.
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INTRODUCTION

Plant-animal interactions represent one of the dweyers of the performance of many
plant species. These interactions may include antems such as pollination, seed
dispersal or herbivory. Herbivory — in contraryother interactions — usually has negative
effects on plant performance (Belsky 1986, Bergelg€o Crawley 1992, Hawkes &
Sullivan 2001, Russell et al. 2001, Maron & Cro¥®&). The need to compensate for
tissue damage and ensuing decreased fithess egelestion pressures on the
development of tolerance or avoidance strategies.

Herbivory can interfere with the life cycle throughwide range of mechanisms. A
reduction of the number of seeds is usually coms@ti&aving the strongest direct effect
on fitness (Augustine & Frelich 1998, Maron & Cro@806, Lin & Galloway 2009,
Jacquemyn et al. 2012). Other types of herbivory affect seed germination via seed
quality (Aikens & Roach 2015) or seedling survibbgl damaging seeds in the seed bank
(McKenna & McKenna 2006) or seedlings (Gomez 2@¥gerra & Bustamante 2008).
Herbivores feeding on plant parts in perennial gsemay strongly affect the transition to
the fertile life stage or survival to the next smady reducing the resources available to
the plant (Knight 2003, Ehrlén & Minzbergova 2009The reduction of available
resources and the ability of the plant to compengatthe tissue lost are affected by the
timing (Garcia & Ehrlén 2002, Obeso 2002, Knigh®@2Das well as the intensity of the
interaction (Knight 2003, Leimu & Lehtila 2006)n $pite of this, most studies looking at
plant-herbivore interactions census plants onlyecmgear (Gomez et al. 2009, Koh et al.
2010, Fujita & Koda 2015) , and our knowledge of #ffects of timing, intensity of
herbivory and interaction of these factors is thmsted. Nevertheless, details, such as the
timing or rate of herbivory within each floweringdividual, can be important for
characterizing the interaction or assessing iesceff

The timing and intensity of herbivory differs beewevertebrate and invertebrate
herbivores. In contrast to vertebrate herbivoresedt herbivores are present only for a
limited part of the field season (Elzinga et al020Minzbergova et al. 2015), and their
occurrence is often correlated with plant floweripgenology. Studies on vertebrate
herbivory usually focus on large (ungulate) herb@sy be it browsers or grazers, and
demonstrate that vertebrate herbivory is more stesi over time and space and that its
impact is usually higher (Gomez et al. 2009). Salvetudies also demonstrate that
flowering individuals are more commonly selected ugytebrate herbivores than non-
flowering ones (Ehrlén 1997, Augustine & FrelictR89Lin & Galloway 2009, Davalos
et al. 2014).

Browsers selection of flowering plants within adbty may be affected by a wide
range of characteristics of the plants as wellfabar surroundings. Several studies have
found found that herbivores prefer earlier-flowgriplants, which causes a shift in the
timing of the flowering peak and may lead to pollienitation of the plants (Widén 1991,
Vazquez & Simberloff 2004, Elzinga et al. 2007, [Ehr& Minzbergova 2009). Other
studies have shown that herbivores prefer tallamenvigorous plants (Freeman et al.
2003, Koh et al. 2010, Fujita & Koda 2015, Prentleet al. 2015). Therefore, simple
comparisons of browsed and untouched plants mal/ teeaeemingly higher fithess of

64



plants damaged by herbivores (Freeman et al. 2@3)the other hand, in the case of
overcompensation, a herbivore attack can actualhaece at least some components of
fithess, as shown in several studies (Paige & VehittL987, Lennartsson et al. 1998,
Nilsen et al. 2004, West 2012, Cozzolino et al.5)0Moreover, more detailed studies at
the population level enable us to estimate thers#any effects of herbivory, as it often
interacts with other biotic or abiotic factors swahplant diseases (Ericson & Wennstrom
1997) parasites (Puustinen & Mutikainen 2001) aolinators (Widén 1991, Vazquez &
Simberloff 2004, Elzinga et al. 2007, Ehrlén & Mbergova 2009). To assess the role of
herbivory in the complex net of relationships ocowg during the life of plants and to
ascertain the strength and directions of potest#dction pressures, we need to take into
account all the possible aspects that enter evant-perbivore interaction, such as plant
traits and the timing and rate of herbivory.

In previous studies, we observed a hight rate ajulaite herbivory in most

populations of our model speci8sorzonera hispanicaderbivory is almost exclusively
restricted to flowering individuals from the emenge of the flowering stalk to the
wilting of the flowerheads, and it also stronglygagvely affects seed production
(Hemrova et al. 2012). From the perspective of petmn dynamics, however, it is also
important to deal with other components of fithesgh as survival and the probability of
flowering in the next year. Another potential factdfecting reproduction is infestation
by the smut fungubJstilago scorzonera€Ustilaginales). Plants within a population also
differ in their flowering traits, which can affeithess components both directly and
indirectly as a herbivore preferences criterion.
The goal of our recent study was to identify thetdes affecting herbivore choice and the
impact of herbivory on plant reproduction withinpapulation. The main questions we
attempted to address were: (1) Which plant flowgtiraits affect herbivore choice? (2)
What is the impact of herbivore attack, includitgytiming and strength, on the individual
plant reproduction? (3) How are plant floweringitsaherbivory and incidence of smut
related to the reproductive cycle?

By monitoring plant traits of single plants overeé years, we identified the factors
affecting the probability of herbivore attack anid impact on future prospect of
individual plants as to seed production and flongrnn the next season. Thanks to the
frequent monitoring of plant growth, we are ableassess the effect of timing and
proportion of herbivory within each plant. Suchquent censuses in connection with
both criteria of herbivore choice and impact ofldneosre attack on plant performance are
very rarely included in population studies. By campg the various fithess components
of browsed and untouched plants, we were able tima&® the relationships between
herbivory and reproductive traits and to reveal pjbssible selection pressures imposed
by large herbivores.
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MATERIALS AND METHODS

Study system

Scorzonera hispanica. (Asteraceae) is a perennial allogamous herlh witscattered
distribution in dry grasslands in Central and SeuthEurope and frequently occurring in
Iberian Peninsula. Occasionally it is cultivated fts edible rootstock and is locally
naturalized. In the study area it is, however, mered native (Chater 1976).

The plant has a single rosette and one 20 - 80alinfidwering stalk with one to
seven yellow flowerheads. The flowering period he study region, northern Bohemia,
Czech Republic lasts from late May to the beginrohduly with a peak of flowering in
June.

The study system is situated in an area of drystaads in northern Bohemia,
Czech Republic. In the past, the area was covettbdawine scale mosaic of pastures and
fields that were probably largely interconnected drgzing animals. At present, large
areas of arable fields surround the remaining taads. Most of the localities are
abandoned at present, formed by mosaic of grassland expanding shrubs and trees
(Chylova & Munzbergova 2008). The flowering statdsScorzonera hispanicare often
browsed by ungulates (Hemrova et al. 2012). No rothipe of herbivory has been
observed. Roe deer, mouflon and wild boars are eenymon in the landscape, whereas
fallow deer and red deer occur only rarely (Muradify Litométice, Department of
Environment).

The study population is situated at locality Hofglv. The locality is a south-facing
slope with mosaic of open grasslands and shrubg, represents one of the largest
populations in the area with about 1600 flowerindividuals. The population suffers
from the relative high herbivory rate (Hemrova &t 2012) and some plants in the
population are infected by smut fundustilago scorzonera@Ustilaginales). The locality
is seldom visited by people and provides enoughcespand plant individuals for
manipulative experiments. For more detailed desonpof the locality, see Minzbergova
(2006).

Field experiment

To observe performance of individual plants in cese to browsing, we established 2
transects with tagged plants at the locality in00ransects were 10 and 27 meters long
and each consisted of more than 200 tagged plrgstagged all the flowering plants
within 90 cm distance from the transect and moedahem for 3 ongoing years 2008 -
2010. If a new flowering plant occurred in the mored area in the next seasons, we add
the tag at the beginning of the season. The pteatsitioned to vegetative stage were not
monitored in a given year, as we found only neflgiherbivore damage on them. The
survival of all plants was closed to 100 % for3alfears. We started the monitoring at the
moment when flowering stalks were visible (aboutyMath). For each plant we recorded
number of leaves, stalk height, number of flowed$wand height and cover of the
surrounding vegetation within 0.5 m and the ocoweeof trees or shrubs within 1 m
radius during the first census. The plants wera tmenitored every 5-7 days. In each
following census we recorded stalk height, numbeflaver buds, number of open
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flowerheads, and incidence of smut and herbivotyh& end of the flowering period, the
seeds were left to mature and seeds from each ifloead were collected in a separate
paper bag. Thereafter, we recorded the numbervaloleed (visually full) and the mean
seed weight of the developed seeds per plant. ifrhegt of herbivory was counted as a
number of days from the first census to the censtien the incidence of herbivory was
recognized. The proportion of browsing was estichate the basis of difference between
the stalk height before and after herbivore attahe incidence of herbivory was
factorial variable (browsed / untouched plant). Tinenber of monitored flowering plants
was 398 in 2008, 134 plants in 2009 and 200 piar2€10.

Statistical analyses

The role of the single variables in the study gysteas tested by path analyses (structural
equation modelling) using the AMOS 5 software paek&Small Waters Corporation,
Chicago, IL, USA). We designed three models forrthmber of the developed seeds and
the flowering in the next season as the dependanahles. The causal relationship
among the initial plant height, initial number édwer buds, initial number of leaves and
cover and height of the surrounding vegetation withS m radius, the incidence of the
smut fungus and the incidence or timing of herbyvor proportion of browsing were
estimated. Simultaneously, the vegetation covatiairplant height and the flower bud
number were affected by a latent variable 'resoax@lability’. As the variables timing
of herbivory and proportion of browsing did not feem well in the analysis, we created
a combined variable “degree of herbivory”. Degrdeherbivory was estimated as an
interaction of centred variables timing of herbi@nd the proportion of browsing. It
should describe the rate of damage, which the @affered. In the earlier stages the
flower buds are usually concentrated on the tofhefflowering stalk, which is often cut
by the herbivore; therefore the entire floweringgbility for appropriate season can be
destroyed. On the other hand, the later herbiverglated to higher energy investment in
reproductive tissues. All the three variables — ahiginal timing of herbivory and the
proportion of browsed part and their centred irdeom — were incorporated in the
models. In the result diagrams we show the combierthble only. To estimate the
impact of the incidence of herbivory and the degodéeherbivory separately, we
performed 2 sets of analyses. We performed thdapahalyses for each year and
summary analyses combining data from all the 3sydar results we present only four
total models combining data from all the 3 years. the results of all partial analyses for
single years (standardized path coefficients, Bgnice and explained variance), see the
Supporting information. The structure of the mode#s the same, except the dependent
variable and factor of herbivory (see Figure 1i4)total we performed 14 models (see
the tables 1 — 8 in Supporting data). The signifteaof the relationships was estimated
using Generalized Least Squares method, sinceesiduals were overdispersed. Number
of leaves was not significant in any of the modsls,it was removed from the final
models. The surrounding vegetation height and thgetation cover were closely
correlated. As the vegetation cover performed beitthe models, we did not incorporate
the vegetation height into the models.
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Moreover, we performed the same sets of path asalysh dependent variable
“mean seed mass”. As there was no significantiogiship between mean seed mass and
incidence or degree of herbivory, we do not preiemtesults of this part of analysis.

RESULTS

The rate of herbivory strongly varied between y€ail grazed plants out of 398 (93 %)
in 2008, 114 out of 134 (85 %) in 2009 and 103a200 (53 %) in 2010). Average rate
of herbivory over all 3 years was 78.2 %. All summynmodels showed strong positive
relationship between vegetation cover and inittalksheight and no effect of presence
smut on any dependent variable (Fig 1-4). Herbivasgs more common in denser
vegetation (Fig 5) and in plants with more floweidb (Fig. 1, 3). The seed number was
always affected by herbivory — both by its preseasewell as degree (Fig 1, 2).
Flowering in the next season was positively afféataly by the initial stalk height; no
effect of herbivory was found (Fig 3, 4).

The first model explaining the number of develogeeds per plant in relation to
herbivore attack showed that the browsers prefgulaats with higher initial number of
flower buds and plants surrounded by denser vagetéfig.1, Fig. 5). Initial stalk height
of the plants was higher in denser vegetation. Aregvsed plants produced significantly
lower number of developed seeds (Fig 1, Fig. 6 mhmber of developed seeds was
also positively affected by the initial humber dbvier buds (Fig 1). The effect of
vegetation cover on herbivore attack and the eftédberbivore attack and the initial
flower bud number on seed number were consisteit$ igirection and significance over
all three years. The overall model with number efveloped seeds per plant was
significant (> = 163.7, df = 6, p < 0.001).

The second model explaining the flowering in thextnseason in relation to
herbivore attack showed very similar relations agheegetation cover, initial stalk height
and initial flower bud number and herbivory as first model (Fig. 3). However,
flowering in the next season was not significaatifgcted by herbivory (nor in the partial
models, see the supporting information), but it wasitively correlated just with the
initial stalk height. Only the effect of vegetatioaver on herbivore attack was significant
in both years. The effect of herbivory on floweringhe next year was never significant.
The overall model with flowering in the next seasaas significant)¢ = 218.9, df = 11,

p < 0.001).

In the third model the degree of herbivory was tiggly affected by the initial bud
number and affected the seed number negatively.2fig/egetation cover had a
significant impact on all the three variables tiatiflower bud number (neg.), initial stalk
height and degree of herbivory (pos.). The relatgos in the models differed between
single years in their direction or significanceeTdverall model corresponds best with the
model from the season 2008. The model from thel tbérason (2010) did not show any
significant relationships. The overall model witbhnmber of developed seeds per plant
was significant> = 219.6, df = 6, p < 0.001).
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The fourth model showed weak positive significantpact of the degree of
herbivory on the flowering in the next season. irigal flower bud number affected the
degree of herbivory negatively. The initial stalidht positively affected flowering in the
next season (Fig 4). The relationships in the neodgfered between single years in their
direction or significance. The overall model copasds better with the model from the
season 2008. The overall model with flowering ia tfext season was significagf &
165.2, df =11, p < 0.001).

The relationships in the models differed betweearsge The overall models
corresponded best with the model from 2008, howekernumber of the significant
relationships in the overall models were lower.
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Fig. 1. Path model depicting the hypothesized causal relationships between environmental variables, plant
traits, incidence of herbivory and resulting seed number. Width of each arrow is proportional to the
standardized path coefficients (see legend for scale), and dashed lines indicate negative paths. Asterisks
indicate values significantly different from 0 (P < 0.05). Numbers in bold are estimates of the proportion of
total variance explained (squared multiple correlations) for each dependent variable. Variables and paths
representing unmeasured residual variation are not shown for simplicity.
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Fig. 2. Path model depicting the hypothesized causal relationships between environmental
variables, plant traits, degree of herbivory and resulting seed number. Width of each arrow is
proportional to the standardized path coefficients (see legend for scale), and dashed lines indicate
negative paths. Asterisks indicate values significantly different from 0 (P < 0.05). Numbers in bold
are estimates of the proportion of total variance explained (squared multiple correlations) for
each dependent variable. Variables and paths representing unmeasured residual variation are not
shown for simplicity.
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Fig. 3. Path model depicting the hypothesized causal relationships between environmental
variables, plant traits, incidence of herbivory and flowering in the nest season. Width of each
arrow is proportional to the standardized path coefficients (see legend for scale), and dashed
lines indicate negative paths. Asterisks indicate values significantly different from 0 (P < 0.05).
Numbers in bold are estimates of the proportion of total variance explained (squared multiple
correlations) for each dependent variable. Variables and paths representing unmeasured residual
variation are not shown for simplicity.
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Fig. 4. Path model depicting the hypothesized causal relationships between environmental
variables, plant traits, degree of herbivory and flowering in the nest season. Width of each arrow
is proportional to the standardized path coefficients (see legend for scale), and dashed lines
indicate negative paths. Asterisks indicate values significantly different from 0 (P < 0.05). Numbers
in bold are estimates of the proportion of total variance explained (squared multiple correlations)
for each dependent variable. Variables and paths representing unmeasured residual variation are
not shown for simplicity.
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DISCUSSION

Ungulate herbivory strongly influences the reprdotucof S. hispanicaespecially by
decreasing the seed set of fertile plants. Thubjvares exert a selection pressure on the
plant life strategy through seed production. Bytcast, flowering in the next season was
mainly affected by resource availability within timécrosite. There was no significant
relationship with the incidence of herbivory. Howeun browsed plants, flowering in the
following season was affected by the timing andoprdon of browsing.

Several studies have found a negative effect diihery (presence/absence) on
flowering probability in the next season (Knight02) Ehrlén & Minzbergova 2009,

Brys et al. 2011), and some, such as Augustind~agicth (1998) and our present study
have not. The weak positive effect of the degreleenbivory in our study means plants
browsed earlier during the growing season andhigl@er proportion were more likely to
flower in the next season. This result is the ofipas that reported, for example, by
Knight (2003), who found a negative effect of ednhying of herbivory on the

probability of flowering in the next season. Thestlikely mechanism is that earlier and
more seriously damaged plants can save resourtlkes text season better than plants
which were damaged later, often with already dgwetdioflowers or almost matured seeds.
Browsing later during the flowering season affectanaller fraction of the flowering

stalk but leads to higher energy loss.

Thetiming and proportion of browsing had the oppositect on seed number.
Plants browsed early often lost all their adventivererbuds and thereby all means of
compensation. Those that were browsed later, aréfthre lost of one or more
flowerheads, were sometimes able to compensatetiremremaining adventive buds.

Herbivory can be expected to significantly affeletryp survival (Ehrlén 2003). The
effect of herbivory on the survival of adult plastuld, however, not be tested because of
very low numbers of dead individuals during thedstiWe suppose that herbivory is not
the main driver of the survival (see also Puentésygen 2012, Lehndal & Agren 2015)
and that survival is mainly affected by disturbansech as random activity of wild boars
or changes in the landscape (MacDonald & Kotand®2Bemrova et al. 2012).

There was no relationship between herbivory andnsead mass per plant, in
accordance with some other studies (Meyer 2008pRi& Decker 2002). This result is
supported by our comparison of browsed plants antfal plants protected from
browsing (using cages) within the same localityhie@ same year. There was also no
significant difference in mean seed mass betweesdls of plants (Cervenkova,
unpublished results).

In the sense of seed number, the difference irodemtive success between
browsed and untouched plants was striking. Onbefdctors enhancing the probability
of herbivore damage was higher initial flower bushtber. On the other hand, the initial
flower bud number directly positively affected ttnember of seeds. Therefore, we
suppose that herbivores preferred more fertiletplé®o, this estimate of herbivore
impact can be biased in this aspect, like in matynal populations (Stowe et al. 2000).
However, thanks to path analyses, we were ablevieat the part of variability in seed set
explained by the initial number of flower buds.

Our continuous three-year study allowed us tu iflenértain consistent criteria of
herbivore choice. Surprisingly, initial plant heighd not have any impact on herbivore’s
choice, in contrast to what has been found in atbecies (Freeman et al. 2003, Fujita &
Koda 2015, Prendeville et al. 2015). Initial plaeight was strongly positively affected
by the vegetation cover, pointing to a relationskith resource availability. Taller plants
tended to flower more often in the following sea¢eiwy. Ehrlén & Van Groenendael
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2001, or Andrieu et al. 2007), but see Pfeifel ef2906) or Min (2014) for opposite
results. Initial plant height could also be conedatith flowering phenology, which has
also been shown as a criterion for choice of plagtrge herbivores (Knight et al.
2008). Flower bud number and plant height wereetated with each other in the model.
We suppose that both variables reflect the conduiicthe plant, but in a slightly different
direction and with different consequences.

Resource limitation within the micro-site is probabighly important in this
species. This factor played the key role evenénpitevious study at the same locality,
which dealt with the impact of pollinators on tlfe ktycle. We found no pollen limitation
in this species. The seed set was related onliatd peight and flowerhead number
(Cervenkova & Miinzbergova 2014). Resource limitati@s previously shown to
interact with herbivory in other species in botledtions — in the sense of weakening or
strengthening the herbivore effects (Hawkes & 8afli2001, Fornoni 2011, Salgado-
Luarte & Gianoli 2012, Davalos et al. 2014). In study, the resource limitation —
connected with overall plant condition — seemsedaha main driver of flowering in the
next season. We derived this fact from the strargjtppe relationships between
“vegetation cover”, “initial stalk height” and “nezeason flowering” in the appropriate
models.

The high importance of resource limitation in tlie tycle ofS. hispanicatogether
with the low tolerance to herbivory, shows low Ileekadaptation to ungulate herbivory.
This contradicts studies on perennial (Paige & Want 1987) as well as in monocarpic
species (Lennartsson et al. 1998), showing a l@gél lof compensation. In the previous
study, we found that the rate of herbivory stronglyied among localities (Hemrova et
al. 2012) and simultaneously varied over time. Figh variability of the intensity of
disturbance may not allow the evolution of the ddtpn and may lead to the higher
phenotypic plasticity. Simultaneously, differenspenses to herbivory across the
population have already been found in several stuBanga 1961, Brody 1997,
Prendeville et al. 2015). However, Prendeville @0fbund the local-scale factors of
herbivory to be more important than the landscagadesactors.

The incidence as well as effects of herbivory Has bBeen shown to vary from year
to year. Inter-annual variability is common in letegm studies (Doak 1992, Ehrlén
2003), leading to opposing selection on floweriragts in different years (Dominguez &
Dirzo 1995). However, differences in the directiamsl strengths of the effects could be
related to the varying proportion of flowering plafetween seasons.

In our case study, herbivory varied strongly ampaars even though herbivore
preferences were consistent. The impact of herpigarseed production was quite high,
while the overall performance in the next seasos affected rather weakly. Resource
limitation probably plays a more important roleaifiecting flowering in the following
season.
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SUPPORTING INFORMATION

2008 2009 2010 overall

dependent variable independent variable Estimate P Estimate P Estimate P Estimate P
bud number veg.cover 0.065 0.392 -0.177 0.169 0.394 0.005 -0.049 0.415
init.height veg.cover 0.384 roxk -0.054 0.669 0.451 roxk 0.277 roxk
attacked bud number 0.177 0.021 0.088 0.483 0.01 0.948| 0.228 ok
attacked veg.cover 0.197 0.001 0.51 *kk 0.453 0.001 0.243 Frx
attacked init.height 0.005 0.947| 0.312 0.008 0.05 0.738 0.006 0.926
seed number init.height 0.002 0.98 0.181 0.103 40.0 0.617 -0.007 0.899
seed number smut 0.074 0.153 0.076 0.429 -0.086 610.1 0.029 0.391
seed number bud number 0.179 0.007 -0.239 0.029 0.212 0.012 0.126 0.019
seed number attacked -0.341 ok -0.443 ok -0.509 b -0.465 *HH

Tab. S1: Standardized path coefficients and p-values for the single relationships in the partial path analyses testing the effect of herbivore attack on the seed number.

2008 2009 2010 overall

init.height 0.148 0.003 0.203 0.077
bud number 0.004 0.031 0.155 0.002
attacked 0.076 0.333 0.232 0.106
seed number 0.13 0.245 0.279 0.208
X2 148.9 65.3 82.0 256.8

Tab. S2: Estimates of the proportion of total variance explained (squared multiple correlations) for each dependent variable and Chi-square for each partial path analysis
testing the effect of herbivore attack on the seed number.
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2008 2009 overall

dependent variable independent variable Estimate P Estimate P Estimate P
bud number veg.cover 0.221 0.003 -0.172 0.181 0.057 0.377
init.height veg.cover 0.504 rxk -0.05 0.695 0.402 roxk
attacked bud number 0.174 0.027 0.087 0.489 0.152 0.02
attacked veg.cover 0.205 0.012 0.508 Frx 0.239 Fhx
attacked init.height -0.003 0.977, 0.311 0.008 0.049 0.501
flowering init.height 0.205 *rk 0.233 0.06 0.284 *rk
flowering smut 0.014 0.793 0.003 0.978 0.013 0.788
flowering bud number 0.288 roxk -0.046 0.706 0.016 0.777
flowering attacked 0.033 0.565 0.059 0.584 0.052 309.

Tab. S3: Standardized path coefficients and p-values for the single relationships the partial path analyses testing the effect of herbivore attack on the flowering in the next

season

2008 2009  overall
init.height 0.254 0.161 0.143
bud number 0.049 0.003 0.001
attacked 0.087 0.096 0.086
flowering 0.145 0.089 0.091
X2 155.7 65.2 218.9

Tab. S4: Estimates of the proportion of total variance explained (squared multiple correlations) for each dependent variable and Chi-square for each partial path analysis
testing the effect of herbivore attack on the flowering in the next season.
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2008 2009 2010 overall

dependent variable independent variable Estimate P Estimate P Estimate P Estimate P
init.height veg.cover 0.411 rxk 0.075 0.604 0.141 0.431| 0.269 rxk
bud number veg.cover 0.04 0.607 -0.029 0.87 -0.5660.652 -0.187 0.003
degree of herbi. veg.cover -0.19 0.05 -0.113 0.404 0.453 0.551| 0.099 0.023
degree of herbi. bud number 0.38 *xk 0.439 *xk 0.521 0.273 -0.306 rxk
degree of herbi. init.height 0.545 roxk 0.211 0.106 0.046 0.723 -0.012 0.849
seed number smut 0.049 0.373 0.087 0.388 -0.038 340.7 0.051 0.252
seed number init.height 0.082 0.511 0.317 0.375 18®. 0.345 -0.013 0.849
seed number degree of herbi. -0.213 0.04 0.044 0.743 0.025 0.94| -0.109 0.017
seed number bud number 0.232 0.038 0.261 0.699 -0.058 0.782 0.109 0.148
proportion of herbi. bud number 0.064 0.389 0.841 ** * | -0.216 0.235 0.271 ik
proportion of herbi. init.height 0.192 0.019 0.42 .0@ 0.133 0.216 0.163 0.009
proportion of herbi. veg.cover -0.045 0.55¢ -0.143 0.31 -0.141 0.64 -0.059 0.17
timing of herbi. bud number 0.425 0.354 -0.669 *xk | -1.885 0.507 0.306 ek
timing of herbi. veg.cover -0.065 ok 0.064 0.497] 1.153 0.691 -0.054 0.218
timing of herbi. init.height 0.563 ik -0.014 0.88 0.256 0.126 0.201 0.002
seed number proportion of herbi. -0.041 0.556 .44 0.517 -0.163 0.237 -0.03 0.513
seed number timing of herbi. -0.053 0.608 0.122 0.4 0.17 0.749 0.014 0.773

Tab. S5: Standardized path coefficients and p-values for the single relationships in the partial path analyses testing the effect of degree of herbivory on the seed number.
The relationships in the lower part of the table entered the analyses as a component of interaction of “degree of herbivory” and thus they are not demonstrated in the path

diagrams.
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2008 2009 overall

dependent variable independent variable Estimate P Estimate P Estimate P
bud number veg.cover 0.141 0.069 -0.012 0.929 10.04 0.52
init.height veg.cover 0.486 rxk 0.096 0.506 0.372 rxk
degree of herbi. veg.cover 0.45 rxk -0.133 0.326 0.075 0.155
degree of herbi. bud number -0.558 rxk 0.434 ok -0.239 ok
degree of herbi. init.height -0.515 roxk 0.214 0.101 0.029 0.667
flowering smut 0.03 0.562 -0.019 0.855 0.022 0.642
flowering degree of herbi. 0.222 0.008 0.184 0.195 0.177 rxk
flowering init.height 0.231 0.003 -0.148 0.702 0.274 roxk
flowering bud number 0.367 roxk -0.671 0.345 0.07 0.295
proportion of herbi. bud number 0.349 ok 0.842 ok 0.316 ik
proportion of herbi. veg.cover -0.246 ok -0.171 205 -0.099 0.058
proportion of herbi. init.height 0.502 o 0.431 2 0.239 ok
timing of herbi. veg.cover 0.333 ok 0.075 0.426 .009 0.872
timing of herbi. init.height 0.029 0.743 -0.018 Q78 0.147 0.03
timing of herbi. bud number -0.08 0.304 -0.668 ik 0.24 ok
flowering proportion of herbi. -0.031 0.694 0.564 .44% -0.04 0.443
flowering timing of herbi. 0.103 0.13 0.074 0.618 0.094 0.053

Tab. S6: Standardized path coefficients and p-values for the single relationships in the partial path analyses testing the effect of degree of herbivory on the flowering in the
next season. The relationships in the lower part of the table entered the analyses as a component of interaction of “degree of herbivory” and thus they are not

demonstrated in the path diagrams
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2008 2009 2010 overall

init.height 0.169 0.006 0.02 0.072
bud number 0.002 0.001 0.321 0.035
degree of herbi. 0.393 0.249 0.213 0.114
seed number 0.054 0.092 0.085 0.034
timing of herbi. 0.478 0.454 2.481 0.131
proportion of herbi. 0.036 0.901 0.049 0.1
X2 225.6 60.6 68.0 219.6

Tab. S7: Estimates of the proportion of total variance explained (squared multiple correlations) for each
dependent variable and Chi-square for each partial path analysis testing the effect of degree of herbivory
on the seed number.

2008 2009 overall

init.height 0.236 0.009 0.138
bud number 0.02 0 0.002
degree of herbi. 0.523 0.247 0.067
flowering 0.142 0.112 0.108
timing of herbi. 0.12 0.453 0.078
proportion of herbi. 0.314 0.912 0.149
X2 228.9 60.7 165.2

Tab. S8: Estimates of the proportion of total variance explained (squared multiple correlations) for each
dependent variable and Chi-square for each partial path analysis testing the effect of degree of herbivory
on the flowering in the next season.
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CHAPTER 4

The effects of large herbivores on the landscape dgmics of a perennial
herb

Lucie Hemrova, Zita ervenkova & Zuzana Miinzbergova
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ABSTRACT

Models assessing the prospects of plant specidgedandscape level often
focus primarily on the relationship between spedgsamics and landscape
structure. However, the shortterm prospects ofispegith slow responses to
landscape changes depend on the factors affeciad) population dynamics.
In this study it is hypothesized that large herbégomay be a major factor
affecting the short-term prospects of slow-respogdipecies in the European
landscape, because large herbivores have increéasednber in this region
in recent decades and can strongly influence Ipopllation dynamics. The
impact of browsing by large herbivores was simulaia the landscape-level
dynamics of the dry grassland perennial polycarperb Scorzonera
hispanica A dynamic, spatially explicit model was used tivatorporated
information on the location of patches suitable fr hispanica local
population dynamics (matrices including the impattlarge herbivores),
initial population sizes and dispersal rate of fpecies. Simulations were
performed relating to the prospects &f hispanicaover the next 30 years
under different rates of herbivory (browsing intéy)s and varying
frequencies of population destructiond, by human activity). Although a
high rate of herbivory was detected in most popatat of S. hispanica,
current landscape-level dynamics 8f hispanicawere approximately in
equilibrium. A decline or increase of over 20%lie therbivory rate promoted
rapid expansion or decline 8t hispanicarespectively. This effect was much
stronger in the presence of population destructiBrowsing by large
herbivores can have a dramatic effect on the lapmsadynamics of plant
species. Changes in the density of large herbivares the probability of
population destruction should be incorporated mtmdels predicting species
abundance and distribution.

Keywords Bromion erecti, grazing, landscape-level modglliarge
ungulates, roe deer.
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INTRODUCTION

Rapid changes in the landscape in recent yearsrieauted in increased levels of habitat
fragmentation for many plant species. These chahges provoked discussion about the
prospects of such species in the future agricullaralscaped.g, Saunder®t al 1991,
Collinge 1996; Bastin and Thomas 1999; Lindborg Bni#isson 2004). Several authors
have emphasized the importance of describing spelgieamics at the landscape level to
estimate the future prospects of speceeg,(Eriksson 1996; Husband and Barrett 1996;
Bastin and Thomas 1999; Hanski 1999).

Modelling studies that simulate species dynamicghat landscape level focus
primarily on the impact of changes in landscapecsire €.g, With et al 1997; Hanski
and Ovaskainen 2000; Herbenhal 2006; Aladoset al 2009). However, for species that
respond slowly to landscape changegy( long-lived species with limited dispersalg,
Mildén et al 2006), changes in landscape structure may ndbdoenbst important factor
influencing species dynamics. Instead, the factioas affect local population dynamics
are probably crucial in influencing landscape-lesfgtcies dynamics over the short term.

Browsing by large herbivores is one of the mostangnt factors affecting local
population dynamics of plant speciesq, Bergelson and Crawley 1992; Augustine and
Frelich 1998; Russelét al 2001; Rooney and Waller 2003). Browsing can stiypng
influence local population dynamics by affecting tomponents of the plant life cycle,
such as seedling survival (Paige and Whitham 1%8#ght et al 2008), plant seed
production (Knightet al 2008; Ehrlén and Minzbergova 2009; Lin and Gallp®a09)
and the probability of flowering in the next sead@night et al 2008; Ehrlén and
Minzbergova 2009). In addition to these negativieces, large herbivores can have
positive effects on long-distance dispersal (ree@wn Natharet al 2008) and thus on
species colonization. Large herbivores can alsdtipely affect plant population growth
rate by enhancing seedling recruitment (reviewedMgron and Crone 2006). The
number of large herbivores, such as roe deer, bas Increasing in the agricultural
European landscape in recent decades (Meegal 2008). Increased herbivory and
dispersal rates due to a higher number of largbivenes can have both negative and
positive effects on the prospects of plant spacidise landscape.

In the present study, we estimated the prospecdsgoéssland polycarpic perennial
herb, Scorzonera hispani¢at the landscape level, incorporating the eftédbrowsing
by large herbivores on the species dynamics. Spaltyf, the aims of the present study
were to model the landscape dynamicsSofhispanicain northern Bohemia (Czech
Republic) and to simulate the prospects of thiciggein the near future. Althoudh.
hispanicais considered endangered in the Czech Republis, gtommon in the study
area. In the area, the species occurs on clealilyitid patches. Some of these patches
are suitable but unoccupied, as identified by medm@ssowing experiment indicating that
S. hispanicas dispersal-limited (Minzbergova 2004). Chylovdl &Minzbergova (2008)
demonstrated that this species prevails in gradslastablished for at least 60 years,
indicating that the dynamics of the species aréegslow.S. hispanicadoes not form a
permanent seed bank (Minzbergova 2004). Recolémizas thus only possible by
means of long-distance dispersal. All the abovep@ries indicate thaS. hispanica
fulfils the criteria for possessing metapopulatdynamics (Freckleton and Watkinson
2002). Information on landscape-level dynamicshed species can thus be generalized to
other species fulfilling the same criteria with sloesponse to landscape changes. The
identified patterns could thus be generalized fanyngrassland and forest-understorey
long-lived perennial herbs.
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Browsing by large herbivores has been observedast 81 hispanicgopulations.
We have also observed the destruction of habifa® bispanicavithin the study region,
due primarily to ploughing, the construction ofaopower stations or rooting by wild
boars. Therefore, in the present study, we evaludie effects of both browsing by large
herbivores and population destruction on the lampsdevel dynamics @&. hispanicaas
they both may influence its future prospects.

To understand the future dynamicsSfhispanican the landscape, we asked the
following questions: (i) What are the future prosjseof S. hispanicain the current
landscape and under the current rate of herbiviceyl{rowsing by large herbivores)? (ii)
What is the effect of herbivory on the future presis ofS. hispanica (iii) What are the
combined effects of herbivory and population dediom on the prospects 08.
hispanic&

To answer these questions, we parameterized a mbteidscape dynamics for S.
hispanica based on available information on th&ibigion of suitable habitats, the local
population dynamics (including the current ratehefbivory and the risk of population
destruction), dispersal ability and current popalatsizes. We then simulated the
prospects of the species after 30 years under a wadge of herbivory rates and with
different levels of risk of population destructioie assumed that the landscape would
not change dramatically over such a short period #wat the response to landscape
changes would be slow. Under these assumptionsysbrg by large herbivores is
expected to be the primary factor influencing thespects ofS. hispanica Model
credibility was tested by performing sensitivityaéyses of the model parameters.

METHODS

Study species and study area

Scorzonera hispanica. (Asteraceae) is a rare, allogamous, polycapaennial herb
inhabiting the dry grasslands of central and soutliirope. It has a single rosette and a
single flowering stalk with one to seven yellowmlerheads. It is occasionally cultivated
for its edible rootstock (Chater 1976). The fruits S. hispanicaare achenes with a
pappus. The presence of the pappus enables dispgrseind and exozoochory. The
species does not form a persistent seed bank; é¢bdss which do not germinate,
decompose within 2 years (Minzbergova 2004).

In the Czech RepublicS. hispanicais a native species and is considered
endangered. It occurs in central and northern Badeamd in southern Moravia,
occupying calcareous dry grasslands (alliance Boandrecti of Ellenberg 1988). To
model the prospects of S. hispanica under differatés of herbivory and population
destruction, we focused on a typical agricultuasdscape with a common occurrence of
both S. hispanicaand large herbivores. All study populations arewsed by ungulates.
No other type of herbivory has been observed. R, dnouflon and wild boar are very
common in the landscape, whereas fallow deer amt deer occur only rarely
(Municipality Litom¢tice, Department of Environment). Only browsing e rdeer,
common herbivores of numerous plant species in gadksland and forest-understorey
(e.g, Gill et al 1996; Jepsen and Topping 2004; Hewisbial 2007), has been observed
in S. hispanicgpopulations. However, we consider that the othegd herbivores in the
landscape can also occasionally browse S. hispanica

The study area (4.39 x 4.39 km) was situated ithean Bohemia in the Czech
Republic (50°326"N, 14°1245"E, to 50°3121"N, 14°173”E). Calcareous dry
grasslands are typical of the landscape. Thesslgras form distinct patches surrounded
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by shrubs and large agricultural fields. These frynmaintained grasslands are now
unmanaged and therefore experience very slow ssiocesf shrubs and trees. Population
sizes range from three to 2500 flowering individuabenetic variability in the field is
high; Nei's genetic diversity values range from 4.6 0.32, indicating that all
populations are genetically variable (Miinzbergowd Blakova 2010). Large herbivores
favour the flowering stalks &. hispanicaOur long-term field observations indicate that
the flowering stalks ofS. hispanicaare browsed extensively without signs of leaf
herbivory on the browsed individuals or on the sunding vegetation (Z. Minzbergova,
pers. obs.).

Field data collection

All dry grassland patches (73 in total, from 4&7214 396.3 nf) in the study area were
located within the region studied by Chylova andnigtiergova (2008). In their study, a
digital map of dry grassland patches was createdlam presence @&. hispanicaand 65
other species (Supplementary Data Table S1) wereded at each patch. We added data
from 12 populations (patches) $f hispanicautside the study area to the present dataset
to increase sample size. All external patches we&l@ km from the study area and ranged
in size from 882.9 to 62 365.9 m 2 . The externaicpes all hosted the same dry
grassland vegetation (i.e. Bromion erecti, ElleghE988) as the patches within the study
area. At each external patch, we recorded the pcesef the 65 selected species of dry
grassland vegetation. We counted the number ofeftmg S. hispanicandividuals at all
patches. We surveyed 85 patches of dry grassldndf &hich hosted. hispanicaThe
external patches were used to improve the predigtower of models of patch suitability
and of the herbivory rate at each patch. Exterasth®es were not used to simulate the
prospects of S. hispanica in the study area.

To model the impact of large herbivores $nhispanicdandscape-level dynamics,
we incorporated the effect of herbivory on perfonge of S. hispanicainto transition
matrix models of the local population dynamics loé species. We used a set of eight
transition matrices containing three size classesdling, large vegetative and flowering
individuals) to simulate local population dynami€hese eight matrices were constructed
for a previous study (Miinzbergova 2006) and inalluidata collected between 2001 and
2004 in three populations over three transitioervels (population nos. 16, 18 and 20 in
Table 1 in Miunzbergova 2006). Population size rdngpetween 1632 and 2464
individuals, with at least 150 individuals markedédach population; see Minzbergova
(2006) for additional details. Two populations (n@$ and 20) are found within the
present study area; the third is nearby and odautise same type of habitat. This latter
population is among the 12 external populationsrilesd above. We considered these
populations to be representative as they contasafficient number of individuals for
studying population dynamics and exhibit habitatdibons typical of other populations
in the area. Two populations have been largelyestaker the last 10 years. However, all
marked plants in the third population were destioyy wild boars during the last
transition period; therefore, no transition matould be built from these data.

The plants used for matrix construction experienoedvsing by large herbivores;
however, browsing intensity was not quantifiedwHs thus necessary to identify those
transitions within the matrices that were affectad herbivory and to replace these
transitions by probabilities with a quantified rateherbivory. Z.Cervenkova (unpubl.
res.) found that only flowering stalks were browsé#tere was very little herbivore
damage to vegetative plants. Zervenkova (unpubl. res.) also estimated the imp#ct
large herbivores on performance of floweril® hispanicain a field experiment
(Supplementary Data Appendix S1). Specifically, givetected selected plants from
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browsing using cages and compared the performahgdact and browsed plants. She
found that herbivory decreased the seed produdimh the production of clones by
flowering plants. No other impact of herbivory wimind. In addition, Miinzbergova
(2004) demonstrated that the recruitment and sahaf/seedlings and aduit hispanica
plants are not affected by the above-ground biorab® localities. Seedling recruitment
and survival are also unaffected by the presencepeh spaces in the vegetation (Z.
Minzbergova, unpubl. res.). These findings sugtiegtneither biomass removal nor an
increase in canopy openness due to herbivory affeetreproductive success &f
hispanica We therefore focused only on the impact of lahgebivores on flowering
individuals in the present study.

To estimate the rate of herbivory of flowering k&alwe collected data on intensity
of browsing from 21S. hispanicapopulations of varying size in 2009 and 2010. Ten
populations were within the study area, and 11 vestternal. In all 21 populations, we
recorded the total number of browsed and intacivdling plants. In populations
comprising fewer than 150 flowering individuals, \wecorded browsing data from all
flowering plants present. In the larger populatione collected data from approx. 150
flowering plants sampled along randomly selecteddects. The study was conducted at
the end of the flowering period (mid-July), whenrbieory on S. hispanicaends but
faded flowerheads are still present on the staliks ferbivores browse flowering, not
mature, flowerheads).

Habitat characteristics

To estimate the suitability of individual grasslgmatches fofS. hispanicaand to identify
the factors affecting the herbivory rate, we reedrdlata on 26 characteristics at each
patch. These included both local habitat charattesi and characteristics describing
landscape structure (Table &)g, the location of individual patches in the langszalo
obtain data on the local habitat characteristics, fikst constructed digital elevation
models (DEMs) with a 5-m grid size. DEMs were dedvrom digital contours (1:10
000, 2-m vertical distance between contours) predioy the Czech Office for Surveying,
Mapping and Cadastre. DEMs were constructed forethiire study area and the 12
external patches in ArcGIS 9.2 (Environmental SysteResearch Institute Inc.,
Redlands, CA, USA). Based on these models, we edegiids of slopes and potential
direct solar irradiation (PDSI) for the 21st daytleé month from December to June using
ArcGIS 9.2, and created grids of topographic wetneslex (TWI) using SAGA GIS
2.0.4. (SAGA User Group Association, Hamburg, GeryaFor each patch, we then
calculated the logarithm of the total area, the mealues of slopes, PDSI (from
December to June) and TWI (Table 1).

Other local habitat characteristics were calculaisthg the presence of the 65
selected species from our species list (Supplemebata Table S1). First, we calculated
the Beals index, which expresses the probability gpecies presence at a patch using the
number of joint occurrences with other species [84884; Miinzbergova and Herben
2004). We used the presence of all plant specas the species list in all patches for
this calculation. Second, we calculated Ellenbajcator values of light, temperature,
moisture, nutrients, soil reaction and continetyialEllenberg 1988; Table 1) for each
patch using all species recorded at the patch.

To obtain the parameters describing landscapetstei@round the patches, we
calculated the nearest distance between each gatcbhrubs, forests, roads and villages;
we also recorded the amount of shrub and tree caweounding each patch (Table 1).
We used digital maps of shrubs, forests, roads\dtates for these calculations. The
digital map of shrubs and forests based on NATURB®mapping was provided by the
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Agency for Nature Conservation and Landscape Puoteof the Czech Republic. The
digital maps of roads and villages were createdtdoymbining information on the latest
online cadastral and orthophotomaps provided by @zech Office for Surveying,
Mapping and Cadastre and by the Czech Environmeftritdrmation Agency,
respectively. Using the digital maps, we first cédted the areas of both shrubs and
forests within both a 500-m and 1-km radius of eaalich. We then calculated the
distance between each focal patch and (1) the stestteub, (2) the nearest forest, (3) the
nearest road and (4) the nearest village (TableDistances were calculated between
centre points of each patch to the boundariesasfglobjects using ArcGIS.

Tab. 1. — List of recorded habitat characteristics used to develop predictive models of (1) patch suitability
for S. hispanica (P < 0.001, F = 16.57, d.f. error = 73, R = 0.75) and (2) herbivory rates at patches (P <
0.001, F = 88.61, d.f. error = 15, R’ = 0.78). +/— represents the positive/negative effect of characteristics
included in the final model (significant values at P < 0.05 are in bold type), n indicates characteristics not
included in the model and x indicates characteristics excluded from the test.

Patch suitability Herbivory rate
R R
Local habitat characteristics
Area n - 0.022
Slope n X
TWI - 0.018 — 0.004
PDSI
December n X
January n X
February - 0.143 X
March + 0.147 X
April - 0.128 X
May n X
June + 0.113 n
Beals index + 0.483 X
Ellenberg indicator values
Light - 0.042 X
Moisture n X
Soil reaction + 0.032 X
Nutrients + 0.146 n
Temperature + 0.048 X
Continentality + 0.045 X
Landscape structure
Forest 1 km X n
Shrub 1 km X - 0.359
Forest 0.5 km X n
Shrub 0.5 km X n
Nearest forest X n
Nearest shrub X n
Nearest village X + 0.033
Nearest road X - 0.025
Population size X n
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Data analysis

To estimate patch suitability, we tested for thie@fs of habitat characteristics on the
occurrence of5. hispanicaWe used a generalized linear model (GLM) withirrolnial
distribution of the dependent variable (presens®abe ofS. hispanicgain this test. We
excluded data on landscape structure from our ewggnt variables, as they related to
patch availability not to patch suitability. We dseata from all 85 patches, 35 of which
hostedS. hispanicaTo simplify the model (correlation matrix in Supmentary Data
Table S2), we used step-wise both-direction regyasstarting with the maximal model.
We identified those habitat characteristics that legplaineds. hispanicgresence using
the Akaike information criterion (AIC; Crawley 2002Based on this model, we
calculated the probability db. hispanicgoresence at each patch (Crawley 2002). These
probabilities were used to identify suitable unqued patches folS. hispanica(see
‘Simulation plane’ below).

Our investigation of the factors determini8ghispanicaherbivory rate involved a
small number of observations (21 populations). &fuee, we primarily selected those
landscape and habitat characteristics expectedftoence herbivory rate (Table 1).
Specifically, we used the area of forests and shsudrrounding each patch within a
radius of 0.5 and 1 km and the distances to theese#orest, shrub, village and road as
possible factors influencing the behaviour of largerbivores and the subsequent
herbivory rate €.g, Welchet al 1990; Tuftoet al 1996; Hewisoret al 2001; Nilsenret al
2004; Couloret al 2008). We also evaluated factors related to stgetation, including
S. hispanicapopulation size, TWI, PDSI in June (i.e. in theowing season), the
Ellenberg indicator value for nutrients and the IBéadex (Table 1).

To identify the characteristics influencing herbiyoate, we used the mean rate of
herbivory in 2009 and 2010 as the dependent variféiterbivory rates did not differ
significantly between years, data not shown). Tdtalthumbers of browsed and intact
plants over both years were used as the dependaables with a binomial distribution
in a GLM. As we had three similar measures of thpdct of forest and shrubs, we made
three partial tests, using: (1) the amount of cafeshrubs and forests within 1 km, (2)
the amount of cover within 500 m and (3) the praggrof the nearest shrub and forest. In
each test, we performed step-wise, bothdirectigrstic regression (using AIC; Crawley
2002) starting with the maximal model. We then ehtbee best model (i.e. the model with
the lowest number of independent variables andchtgkest explanatory power). Using
the selected model, we calculated the predictedatherbivory (Crawley 2002) at each
patch in the area. All analyses were performed iRIUS Professional Release 2
(MathSoft, Inc., Seattle, WA, USA).

Model description and estimation of model parametes

To simulate the dynamics &. hispanican the landscape, we used a dynamic, spatially
explicit landscape-level model presented in previstudies by Minzbergovéat al
(2005), Herberet al (2006) and Mildéret al (2006), following similar methods. This
model does not assume equilibrium between specitscgon and colonization; this
assumption is important because disequilibrium iggedynamics have often been
observed in long-lived species following rapid ofp@s in landscape structure.d,
Matlack 1994; Eriksson 1996; Brunettal 2000; Lindborg and Eriksson 2004; Herlan
al 2006). The model uploads (1) the information aratemn and size of suitable patches
(habitats) for a species, (2) the initial habitetupancy including local population sizes,
(3) a set of matrices simulating local populatiomaimics and (4) the coefficients of
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dispersal curves (exponential and/or hyperbolicctimms) and proportion of seeds
dispersed independent of distance (for model detaEk Supplementary Data Appendix
S2).

Simulation planeSuitable patches were identified on the grid (5ath esolution) by the
probabilities of S. hispanicapresence. Patches were classified as either miitab
unsuitable by finding the lowest calculated probibin the set of patches that, in the
actual study area, hoSt hispanicaWe then considered all patches of the same tehig
probability to be suitable for the species assuntinagS. hispanicaoccurred on suitable
patches only. We also found probability threshaldsig methods recommended by Liu
et al. (2005). As the threshold we took eitherghevalence of the model-building data or
the average predicted probability of the modelding data. Compared with the original
threshold, these two thresholds identically idesdifthree more unoccupied patches as
unsuitable forS. hispanicaThe lower number of suitable unoccupied patchas then
used to estimate the sensitivity of the model tal$zape structure. However, the changed
model provided similar results to the original asdot discussed further.

Local population dynamics, herbivory and populataestruction.Suitable patches were
classified according to the predicted herbivore nato 11 categories of habitat quality,
corresponding to proportions of browsing of 0—108040% step intervals. We then used
the eight available transition matrices of the Migrgova (2006) study to build 88
additional matrices (11 from each matrix). Eachadegight matrices included the rate of
herbivory corresponding to specific herbivory rétanging from 0-100 %, 10% step
intervals). Specifically, in each of the eight n@ds, we substituted those transitions
significantly affected by browsing with the weigtiteean of transition values in browsed
and intact plants found by Z:ervenkova (Supplementary Data Appendix S1). Theket
the eight matrices with specific rate of herbivargs assigned to each patch according its
predicted herbivory rate.

Ploughing, construction and rooting by wild boarcasionally occurring in the
landscape can cause destruction to varying ext€éhesefore, we included the probability
of population destruction in the model. We had elable estimates of the probability
and extent of population destruction. However, weuaed that some individuals could
survive during the destruction. We thus used ther&8sition matrices described above
and decreased all transition probabilities by 9@%litain a set of 88 modified matrices.
In this way 90% of all individuals that would hasarvived into the next year did not
survive. Modified matrices were used at variougjdiencies to original ones. In all
simulations, except those modelling the impactagation destruction on prospects of
S. hispanicawe used a frequency of one disturbance matrix2pesriginal matrices, i.e.
one population destruction per 30 years per pojual his proportion was chosen based
on the observation of Minzbergova (2006) and ourssguent monitoring of the
populations in the area.

Initial population sizeThe numbers of seedlings and vegetative indivilatleach patch
were calculated from the numbers of flowering indidals (counted in the field)
according to the mean stable stage distributionumitty under a specific rate of
herbivory. However, stable stage distributionsraached only in populations with stable
local population dynamics. To estimate the sengitof the model to this assumption, we
used half the numbers of seedlings and vegetatdwiduals calculated from the stable
stage distribution. The results of this alternativedel were, however, very similar to the
original and are therefore not reported further.
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Density-dependenceTo simulate density-dependence, we estimated tlainnum
population density at any patch, based on the nuwib®. hispanicandividuals at each
patch and patch size. The calculated maximum w&& i@dividuals m -2 . Based on our
field experience, we assumed that the maximum te$i seedlings was four times
higher than the maximum density of vegetative ow#ring individuals. Thus, seedlings
had one- quarter the competitive effect of flowgrand vegetative individuals. We also
performed a sensitivity analysis of this paramaismg 0.97/3 or 0.97 x 3 individuals'm
2during the simulations.

Dispersal.We assumed no incoming diaspores to the simulgiame, as the study area
was somewhat isolated from oth&: hispanicapopulations (the nearest flowering
population was 4.3 km from the area border). Tlesflow numbers of incoming
diaspores could be expected. Outgoing diasporaeaditite simulations were considered
to be lost.S. hispanicawas expected to disperse by wind and exozoochiind
dispersal was modelled as distance-dependent asimggative normalized exponential
function (Minzbergovét al 2010):

y = a* eXp(—a #X),

wherey is the proportion of seeds dispersed to distanand o is the coefficient
indicating the shape of the curve. We used the mamkial model due to its simple
normalization, which was necessary for calculatwdnthe dispersal coefficient of the
curve using data on wind speed and species ti@dammonly used dispersal models
(including the exponential) tend to underestimdtedy-distance dispersat.g, Bullock
and Clarke 2000; Nathaat al 2002). We thus modelled. hispanicdandscape dynamics
under several scenarios of dispersal ability (idiclg different exponential curves). We
then checked whether higher/lower dispersal abitifjuenced the results of the model.
Specifically, dispersal coefficient a was calculbées 1D, whereD is the mean dispersal
distance of the seeds calculated from the formeilg, (Augspurger 1986; Soons and Heil
2002; Tremlova and Minzbergova 2007)

D = wht,

wherew is wind speed (m.8 ), h is the height of inflorescence (m) ani$ the terminal
velocity (m.s™) of the fruits. For the measure of wind speedwe,used the maximum
daily mean wind speed over June and July, as @etdgt the Czech Hydrometeorological
Institute at the nearby meteorological station pk&any from 2005 to 2010 (9.6 m's.
Wind speeds detected during this period ranged fBodnto 32.6 m.s'. Inflorescence
heighth was estimated from 2007 data on 70 plants in spegulations (ten from each
population, range = 0.17-0.83 m, mean = 0.47 m)udésl the mean terminal velocity of
S. hispanicdruits (1.78 m.g ) estimated by Miinzbergovéa (2004). Due to the faftata
on the range of terminal velocities, we chose geaof 1.78 m.§' + 33%. Based on the
ranges of all parameters/(handt), we calculated a dispersal distance range 0f-0.24
22.80 m and a mean dispersal distance of 2.51 rhelrsimulations, we used the mean
dispersal distance. Minimum and maximum dispersstadces were used to perform
sensitivity analyses of the dispersal parameter.

We did not have an estimate of the proportion efdséispersed via animal fur in
the field as obtaining realistic estimates of sacthalue is difficult (Nathamet al 2008).
Therefore, we assumed that only 0.1% of all seeste Wispersed by exozoochory and by
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rare events (see also Minzberg@téal 2005). As herbivores attack individuals during
flowering and not when the seeds are mature, tbpgption of damaged flowerheads

with mature seeds is very low. Therefore, endozonclwas not considered in our

simulations. Exozoochory was assumed to affect gmilypnthe long-distance dispersal of

S. hispanicalt was modelled as independent of distance. Algfnathis assumption seems

to be unrealistic, it was used in previous stu¢eg, Minzbergovét al 2005; Mildénet

al 2006). In our study, dispersal was modelled withimall study area. This does not
suggest that dispersal is independent of distanhe@yascale, but rather that the animals
can easily cross the whole model landscape witlghaat period of time. The sensitivity

analysis of distance-independent dispersal wasopeed using 1% and 0.01% of the
dispersed seeds.

SimulationsAll forecasts were run for 30 steps (30 simulatyears), with each forecast
replicated 100 times. We ran the simulations fortap30 years, assuming that the
landscape would not change dramatically over sugber@god. However, running the
model for 100 years provided qualitatively very #am results, with the time frame
having no impact on our conclusions (data not shown

We estimated the impacts of the range of the mpdeimeters on the prospects of
S. hispanica under different herbivory rates. Five¢ simulated the prospects of the
species under the current rate of herbivory predidor individual patches in the area.
We then simulated a gradual (at 10% intervals)eabea (or increase) in the predicted rate
of herbivory over the entire study area, until therbivory rate i(e. the number of
browsed flowering individuals) decreased to 0%ijareased to 100 %) in all patches. In
this way, we obtained 17 different simulations tfedlent herbivory rates.

To assess the effect of the frequency of populadiestruction on the prospects of
S. hispanica, we simulated different rates of pafoh destruction under different
herbivory rates. The frequencies of population rdesbn ranged between 0.5 and 10
disturbances per population per 30 years. We afdaitil different simulations of the
impact of disturbance regime on the prospectS.diispanicaunder 17 different rates of
herbivory.

RESULTS

Determinants of patch suitability and herbivory rate

The step-wise regression identified 11 of 17 Idwabitat characteristics as significant
predictors of the presence 8f hispanican a patch (Table 1). These include PDSI in
various months, the Beals index and the Ellenbedgcator values. Based on the model,
we identified 31 patches as suitable &rhispanicaeight of which were unoccupied.

Five of 12 landscape and local habitat characiesisvere selected in the step-wise
regression as significant predictors of the ratderbivory in a patch (Table 1): patch
area, TWI, shrub cover within 1 km of the patchpxamity of the nearest village and

proximity of the nearest road. The predicted rdt@eybivory ranged from 40 to 100%

(mean 77 %, median 80 %) among single patches.

Impact of herbivores at the landscape scale

Our simulations revealed a strong effect of largeblvores on the long-term prospects of
S. hispanicaSimulation using the predicted herbivory ratevetd an equilibrium in the
number ofS. hispanicandividuals in the area (mean population sizera@t years = 86
371, s.d. = 23 632; initial population size = 784&ig. 1A). Under high rates of
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herbivory, S. hispanicaended to go extinct; under low rates, populas@e increased
substantially. Similarly, herbivory rates had a ateg effect on patch occupancy (Fig.
1B). Using the current rate of herbivory in our glations, the patches hosting small
populations experienced higher turnover of patcbupancy than the patches hosting
large populations (Fig. 2).

Sensitivity analyses of dispersal parameters (Supehtary Data Figs Sla,b and
S2a,b) revealed an effect of both wind dispersal erozoochory on the number of
occupied patches under low rates of herbivory a #nd of the simulations
(Supplementary Data Fig. S2a,b). Sensitivity anslgg maximum population density
(Supplementary Data Figs S1c and S2c) showed ags&fiect on the total number of
individuals under low rates of herbivory (Suppletaen Data Fig. S1c). In both cases,
parameter effects disappeared under high ratesedbiviory, which indicates that
increased herbivory reduces the positive effectdoafier dispersal rates and higher
carrying capacity (Supplementary Data Figs S1 a?d Qur simulations also revealed
that not only herbivory rates but also frequencgpopulation destruction had a strong
effect on the landscape-level dynamicsSofhispanicaRates of population destruction
higher than those observed in the field (i.e. oee PO years in a patch) led to a
considerable decrease in the number of individaatsthe number of occupied patches in
the area (Fig. 3). The pattern was observed fora#dls of herbivory. A rapid decline of
the number o8. hispanicandividuals was observed when high frequencigsoplulation
destruction were combined with high rates of hestyv
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Fig. 1. — The negative effects of increasing herbivory rates on (A) the total number of S. hispanica
individuals and (B) the number of patches occupied by S. hispanica at the end of simulations. The mean +
s.d. (obtained from 100 repetitions of each simulation) are shown for all simulations. ‘Pre’ shows the
current rate of herbivory predicted in each patch in the area. The rate of herbivory was increased or
decreased incrementally by 10% for all patches until it reached 100% or 0 %, respectively.
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Fig. 3. — The negative effects of increasing herbivory rates and the frequency of disturbances in the area
on (A) the total number of S. hispanica individuals and (B) the number of patches occupied by the species
at the end of simulations. ‘Pre’ shows the current rate of herbivory predicted in each patch in the area.
The rate of herbivory was increased or decreased incrementally by 10% for all patches until it reached
100% or 0 %, respectively. ‘Obs’ shows the observed frequency of population destruction in the area (one
per population per 30 years).
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DISCUSSION

In this study, we demonstrated the importance ofvsing by large herbivores on the
landscape-level dynamics 8f hispanicaDespite the negative effects of browsing on the
performance o8. hispanicathe landscape-level dynamicsSfhispanicare currently at
equilibrium. The future prospects of this speciteswever, depend on the prospects of
large populations. We also found that the potengitiécts of large herbivores on
landscape-level dynamics may be considerable. Sieulildeclines or increases in the rate
of herbivory throughout the landscape by more @%b often led to the rapid expansion
or decline ofS. hispanica A similar effect of herbivory rate was observed the
sensitivity analyses of various model parametengsé findings indicate that herbivores
can be among the major drivers of landscape dyrsaaiiong-lived perennial herbs.

The results of the simulations demonstrated redftivigh turnover of the local
populations, especially those that are small. Tridgcates that despite being a long-lived
perennial, S. hispanicaexhibits features of metapopulations, as we exgecihe
metapopulation framework (Hanski 1999) is thus #able approach for modelling the
dynamics ofS. hispanicaand other similar species. More specifically, tigh turnover
of the small populations and high survival of thege ones suggests tlsathispanicas a
likely representative of species with mainland-Adlanetapopulation dynamics (Harrison
1991). From a conservation point of view, survieéllarge populations is crucial for
survival of the whole metapopulation. These larggpytations may, however, be
threatened in the landscapes by factors such asrrimduced population destruction as
well as an increased rate of herbivory.

Effect of herbivores on landscape-level dynamics

We expecteds. hispanicao decline by the end of simulations using therenir rate of
herbivory because of (1) the negative effects ajdaherbivores on performance of S.
hispanica, (2) its slow dynamics and dispersalthtion (Minzbergova 2004) and (3) the
increased fragmentation of the landscape over #s b0 years (Chylova and
Munzbergova 2008). Unexpectedly, our simulationstred prospects o8. hispanica
following 30 years of current landscape conditigherbivory and disturbance) suggest
that the total number of individuals in the studgaais largely stable. We can, however,
expect slight declines in future habitat occupargyhispanicavas unable to establish
new large populations during the simulations dugh&high risk of extinction of small
populations (as demonstrated also in the field lijmibergova 2006).

The maintenance of landscape dynamic$ohispanicanear equilibrium (except
the extinction of small populations) can be exmdiy the type of its local population
dynamics. Population dynamics are very stable twex (even with the current high rate
of herbivory) due to the high survival probability individuals and occasional clonal
reproduction. Nevertheless, a simulated 20% deciinghe current herbivory rate
markedly increased the number of seeds producsdltirey in higher seed dispersal and
more successful colonization. In contrast, a 20éteiase in the current rate of herbivory
led to a serious population decline. This declires wlue primarily to the large changes
occurring in the most abundant populations. Seritsitianalyses of the dispersal
parameters revealed that habitat occupancy depepaely on the estimation of the
dispersal parameters. However, the dispersal paeasnelid not influence overall
decline/increase of S. hispanica under higher/lothan current rates of herbivory. In
addition, changes in dispersal rates had only g effects on landscape-level
prospects ofS. hispanicaunder high rates of herbivory. This indicates tiet negative
effects of herbivory on performance of speciesceigally on generative reproduction
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(e.g, Knight et al 2008; Ehrlén and Minzbergova 2009; Lin and Galp®@09), can be
much stronger than the possible positive effectsenbivores as dispersal agents (Fischer
et al 1996; Natharet al 2008). The effect of herbivory was enhanced sigguiftly when
combined with population destruction (resultingnfréarge disturbances). The importance
of population destruction to species landscape mhjeg® has been previously
demonstrated, for example by Minzbergetal (2005). Such a clear negative effect of
herbivory and population destruction on speciesadyios is caused by the absence of any
positive effects of these activities on plant perfance. If overcompensation (Paige and
Whitham 1987) or enhanced seedling recruitment (€o#005) was found in the case of
S. hispanicathe effect of herbivory rate and population degion on its landscape-level
dynamics would be much less clear.

The current equilibrium state of ti¥ hispanicanetapopulation may reflect several
factors. One possibility is that the expansiorSohispanicahas been constrained in the
past €.g, by cattle grazing and mowing). This hypothesisupported by the fact that
many S. hispanicgoopulations occur in former pastures (Minzberg2®@4). In such a
scenario, current patch occupancy should reflegh hpast landscape connectivity.
Alternatively, landscape connectivity may still the same, but with an ongoing increase
in the rate of herbivory and the frequency of ladigurbances in the area. This would
result in reduced growth rates of local populatiand in higher probability of extinction
of small populations.

Patterns of herbivory

First, it is important to note that the proportiohbrowsed individuals in a population
does not necessarily relate to the frequency asviy large herbivores, as the herbivores
can readily pass over patches without browsing. fdimd less herbivore damage in
larger patches and in patches surrounded by highbstover. This pattern corresponds to
the results of previous studies of the habitatgreafces of large herbivores. For example,
roe deer prefer small patches (Aulak and Babinslealkd/1990; Welclet al 1990) with
rich ground vegetation (Welckt al 1990), and the density of deer increases with
increasing habitat heterogeneity (kae al 2002) and the density of habitat edgeg(
Tufto et al 1996; Saicet al 2005; Miyashita 2008). According to Lambestial (2006),
roe deer prefer open habitaésg, orchards and fields) to woodlands and scrublahkis.
latter observation suggests that the presence wfbshor forest may decrease the
attractiveness of patches to herbivores.

Another important factor affecting behaviour ofgarherbivores is human activity
in the landscape, especially developed areas adkr&everal studies have found that
these factors negatively impact deer dens#tyy,( Hewisonet al 2001; Coulonet al
2008). In our study, populations near villages wierewsed less heavily whereas the
proximity of roads had the opposite effect. Ther@ased rate of herbivory near roads
may result from the use of roads as corridors bgeldnerbivores. The affinity of large
herbivores to individual patches may have been afferted by landscape topography
and surface (Couloet al 2008). We found a higher rate of herbivory in ther patches
above valleys than in the wetter patches closealley bottoms.

Estimated parameters and model credibility

Several things should be kept in mind in interpiggtiour simulation results. The
sensitivity analyses indicated that dispersal gbédnd carrying capacity had an effect on
the total number 08. hispanicandividuals under low, but not high, rates of heolby.
Similarly, these parameters had a greater effechaiitat occupancy under low than
under high herbivory rates (Supplementary Data Bfjsand S2). Similar results were
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found when using smaller initial population sizexl aunning the simulations for 100
years (data not shown). These results indicateotivatonclusions regarding the effects of
large herbivores on the species landscape dynaané&sndependent of the parameter
estimates.

To simulate the prospects 8f hispanican the landscape, we set the initial patch
occupancy at 74%, corresponding to the observedpaccy of this species in the study
area. This occupancy level is significantly highiean the 32% found by Minzbergova
(2004), who used sowing experiments to identificpas suitable for, but unoccupied by,
S. hispanica However, in the study by Minzbergova (2004) pesclvere distributed
over a larger area (approx. 400 km 2 ) than instudly (approx. 20 km 2 ), but within the
same landscape. In addition, in the study of Mlurgned (2004), the predictions of patch
suitability were based on seedling establishmehichvdoes not necessarily reflect patch
suitability for adult plants (Ehrlért al 2006). In our study, suitable patches were
identified using a combination of abiotic conditsoand species composition. These types
of factors have been shown previously to explaiecEs distributiond.g, Dupré and
Ehrlén 2002; Minzbergova 2004; Ehrlénhal 2006; Chylova and Miinzbergova 2008).
As suggested, for example, by Tajetkal (2011) and observed in the present study, the
combination of these two types of factors providee best predictions of habitat
suitability for a species. Specifically, we ideid drier, shaded, basic, nutrient-rich
patches as more suitable 8r hispanican dry grasslands. Patch preference may reflect
both specific abiotic conditions and past land (gseticularly as pastures). Nevertheless,
the sensitivity analyses revealed that a redudtiothe number of suitable patches had
little effect on the model results.

In our simulations, local population dynamics wasummed to be the same among
patches (except for the impact of herbivory) arrddly stable over time. We simulated
demographic stochasticity representing random asng local population dynamics
over time. There was no indication for a graduange in environmental conditions. In
our simulations we thus assumed that among-yeaatiwar in the local population
dynamics was caused only by environmental stodigstEnvironmental stochasticity
was simulated by drawing a random transition mafiex each population, in each step)
from a set of matrices. The matrices were verylamand thus their random sample had
little effect on the local population dynamics. Wdugh differences between patches and
changes in local population dynamics over time @éadcur, we argue that these factors
are unlikely to strongly affect our conclusionstsEi all our populations occur within a
small area under very similar habitat conditiongimizing potential differences among
populations. Second, our simulations extended 80lyears into the future, making it
unlikely that habitat conditions will change dramally. Third, it is likely that the
responses db. hispanicdo any landscape changes would be slow, and timisnal over
this period. Therefore, browsing by large herbigois probably the primary factor
influencing the prospects &. hispanica

Finally, we assumed a stable rate of herbivoryaahepatch during the individual
simulations. However, the incidence of browsingldrge herbivores fluctuates between
years due to changes in their abundance. For exa@p¥ more roe deer were recorded
in the landscape in 2008 than in 2007 (Municipalitgométice, Department of
Environment). However, we suggest that fluctuationderbivory rate are unlikely to
alter the main conclusions of the model.
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CONCLUSIONS

Our field observations indicate that over 60% ofwéringS. hispanicandividuals are
damaged by large herbivores in most populationt gaar. Our simulations, however,
suggest that current dynamicsSfhispanicaare approximately in equilibrium under the
current rate of herbivory and frequency of largstutibances (one per 30 years per
population). The simulation results also revealeligher survival probability of large
populations than that of small ones. Therefore,eurairrent landscape conditions, the
prospect ofS. hispanicain the landscape depends heavily on the prospectarge
populations.

Simulations of the effect of herbivory rate on tbgnamics ofS. hispanica
indicated that a decline or increase in the hergivate of more than 20% over the entire
landscape could lead to a rapid expansion or deabihthe species. This effect is
predicted to be much stronger under the additimmaurrence of disturbance. These
results confirm our hypothesis that browsing bygéaherbivores can have dramatic
effects on the landscape dynamics of species ibrtapt components of the life cycle are
strongly affected by these herbivores.

Finally, as concluded in other studies, our studggests that the probability of
population destruction should be incorporated mtudels predicting changes in species
distributions. Incorporating the effect of largerthigores and population destruction into
models of species landscape dynamics should be jar nemdeavour of future
metapopulation studies.
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SUPPORTING INFORMATION

Appendix S1. - Collecting and testing the data on the impactacje herbivores on
performance of S. hispanica.

In 2009 and 2010, Zit&ervenkovéa conducted a field demographic study ef langeS.
hispanica population (no. 16 in Table 1 in Minzbergova 200b)o sets of tagged
flowering plants were compared. The first set waposed to browsing by large
herbivores (140 individuals), whereas the secondvess caged and thereby fully
protected from browsing (70 individuals). In botrasons, ZCervenkové recorded plant
height and flowerhead number; in the plants expadsdatowsing, she also recorded the
presence of herbivory (1/0). Mature seeds of ahfd were collected and counted. For
the exposed plants, Zervenkova collected performance data only fromehaants that
experienced herbivory (119 individuals). Zervenkova then compared the performance
of browsed and intact individuals. Specifically,eshested for differences in seed
production, the production of flowering or vegetaticlones, transitions from flowering
to vegetative stages and the stasis of floweridgyiduals.

Z. Cervenkova identified two transitions that were #igantly affected by
browsing. First, clonal reproduction of floweringlks was absent among browsed plants
and occurred in 10% of intact plants (df error $;1B = 14.64P = 0.001). Second, she
observed significant differences between browsetl iatact plants in seed production.
Intact plants produced an average of 92.0 + 6.2&ftls, while plants damaged by large
herbivores produced only 4.3 + 1.2 SE seeds pet [itd error = 185; F = 314.3® <
0.001). There was no significant difference betwbenwsed and intact plants in the
transition stasis of flowering plants (df error 85] y 2 = 214.70;P = 0.93), in the
transition from flowering to large vegetative plar(tf error = 185y = 211.50;P =
0.90) nor in the production of vegetative clondsefdor = 185; F = 0.6 = 0.42).
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Appendix S2 — Detailed description of the landscape-level nhode

Simulations are performed on a grid representingfualy area, with suitable patches
explicitly located and surrounded by unsuitableaaréultiple cells can be coded as part
of the same patch. To simulate the population dycsuef a species, a population vector
containing the number of individuals in each sizasg is assigned to each patch.
Population growth at the k-th patch is simulateidgigransition matrices as

Xi(t+1)=Agux Xk,

wherex  is a population vector on patch k at time t, and is a transition matrix of
quality Q (e.g., corresponding to the rate of herbivory aicpk). Density dependence
within patches is modelled using a logistic growtiuation; the difference between total
(N) and maximum (K) population size at each paglused as the logistic term. The
population vector  ( t + 1) resulting from the matrix multiplication iseth replaced by
the following term:

AV,'\-(I) |

- ~ 1 :
Xp(t+1)=xp(t+1)— 1+(/.—1/'1— 1E
A

where/ is the dominant Eigenvalue of the mathAx, , N(t) is the total population size
(sum of all stages) at patch k at timméefore the matrix multiplication) and is the
capacity of patch ki.e. the maximum number of individuals at the patchha given
size). This form of density-dependence affects talhsitions equally. Demographic
stochasticity is simulated by replacing each vealmment by a Poisson-distributed
deviate with a mean of k. A new population vectax (t + 1) is created by combining
these numbers.

Environmental stochasticity is simulated using salvenatrices for each habitat
quality. At each step, one matrix from a set of nmas assigned to the given patch is
randomly chosen with a probability assigned torttarix. Environmental stochasticity is
assumed to be uncorrelated over space and timeati®m matrix is therefore chosen
independently for each patch. Such an assumptiald d® used in case of S. hispanica,
because there was very small among-year and ammmggiion variation in the
transition matrices. The choice of specific mathas little effect on the population
dynamics at the patch.

The model simulates distance-dependent and distadependent dispersal. For
distance-dependent dispersal, seeds producedtapatah are divided equally among the
cells that comprise that patch and dispersed flasd cells according to either a negative
exponential function, or a negative hyperbolicaidiion, or their summation. Distance-
independent dispersal is simulated by removin@aetitsn of seeds at each step from each
patch, then randomly redistributing them over theole simulation plane. The seeds
arriving at all cells within a patch are summedited the seed input at that patch. Seeds
that fall into the space between patches are cereidost. Model setting enables either
absorbing or periodic boundaries of the simulaptame, such that diaspores passing over
the boundary are either lost or appear across lheep respectively. At each step,
transitions within patches are simulated to yieldeeed crop before performing any
dispersal.
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Tab. S1. — List of selected dry grassland species.

Agrimonia eupatoria
Anemone sylvestris
Anthericum ramosum
Anthyllis vulneraria
Asperula cynanchica
Asperula tinctoria
Asteramellus

Aster linosyris
Astragalus cicer
Astragalus glycyphyllos
Brachypodium pinnatum
Bromus erectus
Bupleurum falcatum
Campanula glomerata
Campanula rotundifolia
Carex flacca

Carex humilis

Carex tomentosa
Carlina vulgaris
Centaurea jacea
Centaurea rhenana
Centaurea scabiosa
Cirsium acaule
Cirsium eriophorum
Cirsium pannonicum
Coronilla vaginalis
Coronilla varia
Eryngium campestre
Festuca rupicola
Fragaria viridis
Gentiana cruciata
Geranium sanguineum

Gymnadenia conopsea

Helianthemum nummularium subsp.g

Hieracium pilosella
Inula salicina
Laserpitium latifolium
Leontodon hispidus
Linum flavum

Linum tenuifolium
Listera ovata

Lotus corniculatus
Medicago falcata
Melampyrum arvense
Melampyrum cristatum
Melampyrum nemorosum
Ononis spinosa
Peucedanum cervaria
Plantago media
Potentilla arenaria
Potentilla heptaphylla
Prunella grandiflora
Salvia pratensis
Salvia verticillata
Sanguisorba minor
Seseli hippomarathrum
Sesleria albicans
Stachys recta
Tanacetum corymbosum
Thesium linophyllon
Thymus praecox
Trifolium medium
Trifolium montanum

Veronica austriaca subsp.teucrium

Note: Nomenclature follows Tutin et al. (1964-1983).
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Tab. S2. — Correlation matrix of habitat characteristics recorded at dry grassland patches. Significant correlations (P < 0.05) are in bold.

Log Slope  TWI PDSI _Beals : Ellenbergindicatorvalues Fo Sh Fo Sh Near MNear Ngar
(area) De Ja Fe Ma Ap Ma Ju index Light Moist Soilre Nutr Temp Cont 1km 1km 05km 0.5km fo sh vill
Slope -0.02
TWI 0.09 -0.65
De 0.23 -0.18 0.15
Ja 0.24 -0.21 017  1.00

Fe 0.23 025 021 099 100

0.23 030 024 099 099 1.00

Ap 0.22 038 028 097 098 099 1.00

Ma 0.22 048 034 094 095 097 098 099

Ju 0 054 038 091 093 095 096 098 1.00

Beals index 0.25 043 032 020 021 023 -025 028 032 034

Light 0.48 002 008 025 024 024 024 024 023 022 003

PDSI
=
o

W
9% Moist 0.28 -010 023 020 020 -020 -019 -018 -015 -0.14 047 -0.30
& >| Soilre 0.26 0.31 -0.18 -0.05 -005 -007 -008 -0.10 -013 -015 021 0.35 -0.03
EJ 2 Nutr 010 028 019 016 016 018 019 021 024 025 -0.60 0.13 0.56 -0.24
w -g Temp 0.25 038 020 052 052 054 055 057 058 058 -009 0.16 -0.19 0.27 0.10

Caont -0.02 024 003 047 017 018 019 021 022 023 -0.28 0.12 -0.28 -0.07 013 037

Fo 1 km -0.15 035 036 025 025 026 027 030 033 035 009 -0.31 0.23 0.27 0.19 020 -0.12

Sh 1 km 0.16 0.1 -009 016 016 016 016 -016 017 -017 022 -0.21 0.07 -0.21 016 0.24 -0.09 0.05

Fo 0.5 km 0.25 038 039 001 003 004 006 009 014 047 -009 -0.M1 0.18 -0.26 0.08 005 -007 0.83 -0.08
Sh 0.5 km 0.30 016 -0.08 -0.11 012 -012 013 014 -015 016 010 0.02 0.08 0.06 -0.07 010 -0.14  -0M 0.70 -0.24

Near fo 0.21 020 008 000 001 -001 -002 -004 -006 -0.08 -0.07 0.26 -0.01 0.31 -0.07  -0.18 0.06 0.55 020 0.59 -0.06

Near sh 0.01 -0.21 029 019 019 019 020 021 023 025 0.01 -0.02  -0.08 -0.16 -0.02 006 -0.03 0.45 -0.40 0.56 -0.38 -0.22

Near vill 013 020 022 023 023 023 021 019 -016 013 003 032 0.13 0.27 -0.04 -004 -0.10 0.37 0.26 0.43 0.34 -0.27 0.19

Near ro 0.07 -0.10 018 011 011 -010 -009 -0.08 -006 -004 -002 -0.21 0.08 -0.22 0.1 0.07 -0.15 0.19 0.40 0.26 0.50 -0.14 017 0.70

Abbreviations: Log = logarithm; TWI = topographic wetness index; PDSI = potential direct solar irradiation; De-Ju = December-June; Moistr = moisture; Soil re = soil reaction;
Nutr = nutrients; Temp = temperature; Cont = continentality; Fo = forest; Sh = shrub; Near = nearest; vill = village; ro = road.
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Fig. S1. — Sensitivity analysis of the model: the negative effect of increasing herbivory rates on the total
number of S. hispanica individuals in the simulation area at the end of simulations, using different values
of the model parameters: a) distance-dependent dispersal (D), b) distance-independent dispersal (p), and
¢) maximum population density (K). Mean * SD are shown for all simulations. Initial model parameters
were setat D=2.51 m, p=0.001, K=0.97.m 2 “predicted” shows the current rate of herbivory predicted
in each patch in the area. The rate of herbivory was increased or decreased incrementally by 10% for all
patches until it reached 100% or 0%, respectively.

107



@ 28 - " Initia
+ D=024m
a D=2280m

5]
-
T
——
r I M
——
—
—
gy S—
———

Cocupancy
a8}
[}
—
PR—
p
—_—

12 L : :
b
® 26 m Intial
+ po=0.0001
% % 4 p=001

i

20

i

Cloccupancy

b 2
N WHH}H”{“HH}%{H j

A= f

-10%  Rate of herbivory  +10%

Fig. S2. — Sensitivity analysis of the model: the negative effect of increasing herbivory rates on patch
occupancy by S. hispanica in the simulation area at the end of simulations, using different values of the
model parameters: a) distance-dependent dispersal (D), b) distance- independent dispersal (p), and c)
maximum population density (K). Mean * SD are shown for all simulations. Initial model parameters were
setatD=2.51m, p=0.001, K=0.97.m 2 “Predicted” shows the current rate of herbivory predicted in
each patch in the area. The rate of herbivory was increased or decreased incrementally by 10% for all
patches until it reached 100% or 0%, respectively.
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Contribution of ZitaCervenkova to the papers with co-author includetthénthesis

Cervenkova Z & Miinzbergova Zmanuscript Seed mass and population size affect
germination and seedling performanceé&unorzonera hispanica.

idea:ZC, ZM

data collectionZC

data analyse€ C with the help of ZM
writing: ZC with the help of ZM

Cervenkovéa Z & Miinzbergova Z. 2014. Pollen limitation and paditor preferences in
Scorzonera hispanic&lant biologyl16(5): 967-972

idea:Z2C, ZM

data collectionZC

data analyse€C with the help of ZM
writing: ZC with the help of ZM

Cervenkova Z & Miinzbergova Zmanuscript Effect of ungulate herbivory on
reproduction oScorzonera hispanica

idea:ZC, ZM

data collectionZC

data analyseg C with the help of ZM
writing: ZC with the help of ZM

Hemrova L,Cervenkova Z, Miinzbergova Z. 2012. The effects of large hent@smn the
landscape dynamics of a perennial héanals of Botany10:1411-1421

idea: LH,ZC, ZM

data collectionZC (data on herbivores impact on local dynamics aogution of
attacked flowering individuals in populations), I(két of species on external
patches, data on habitat characteristics of atihes)

data analysisZC (determinants of herbivory rate in landscape),(hibitat
suitability for species),

simulations of species prospecH

writing: LH, ZC (all parts concerning herbivores’ behavior andheares’ effect
on local species dynamics in Introduction, Materehd methods, Results and
Discussion)

109



