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SUMMARY

Summary

Low productive agricultural fields in Europe have been taken out of production to be
converted into semi-natural grassland ecosystems. This transition process is also called old
-field succession. During old-field succession, plant species enter and leave successional
sequences according to a boom-bust pattern. The performance of these plant species is
greatly influenced by feedback interactions with the abiotic and biotic soil environment.
This means that plants change the soil environment, which in turn can change plant
performance. The main aim of my thesis was to examine the importance of plant-soil
interactions for the population dynamics of an early-successional plant species during old-
field succession. In addition, I studied how plant community composition can influence
plant-symbiont interactions of individual plants. As a model I selected the plant species
Jacobaea vulgaris ssp. vulgaris, which is a strong determinant of early successional plant
communities in the Netherlands.

I examined the population dynamics of J. vuigarisin ten fields that form a chronosequence
of land abandonment. The old-fields were taken out of agricultural production between 2
and 25 years ago. J. vulgaris cover at the old-fields peaked about 5 years after agricultural
abandonment, after which cover declined again. I hypothesized that these changes in the
abundance of J. vulgaris were related to plant-soil feedback. In order to study the effects
of the soil community on J. vulgaris performance, I conducted a greenhouse experiment
with soil collected from the old-fields. There was a positive relationship between J. vulgaris
density in the field and the level of control by the soil community. When the soil was
conditioned first during one growth period by growing J. vulgaris, soils from all stages of
the chronosequence developed a strong negative feedback effect to J. vulgaris.

In a common garden I planted intact vegetation turfs, collected from the chronosequence
fields, and sew J. vulgaris in the turfs. Seedling establishment was significantly lower in
turfs from older than from young fields. In a seed bank study the number of emerging
seedlings declined with time since abandonment of the field, but the number of seedlings
out-ruled the actual number of J. vu/garis plants in the field in all cases. Thus, the seed
bank was not limiting, but establishment conditions were less favorable when time since
abandonment proceeded.

Plant species that co-occur with J. vuigaris in the old-fields can also change the abiotic and
biotic soil conditions, which may alter J. vulgaris performance. In a greenhouse experiment
I tested soil effects of J. vwigaris on its own performance and on that of 30 co-occurring
plant species. In addition, I examined the reciprocal soil effect of each species on J.
vulgaris. Thus, I compared interspecific plant-soil interactions between J. vulgaris and co-
occurring plants with intraspecific plant-soil feedback effects of J. vuigaris on itself. This
study confirmed that J. vulgaris exhibits strong negative plant-soil feedback and it revealed
there were profound differences among the co-occurring species in interspecific plant-soil
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SUMMARY

effects on J. wulgaris (approximately half the species reduced J. wuigaris performance,
whereas the other half had no effect), as well as that soil conditioned by J. vuigaris had a
positive or neutral effect on the growth of the co-occurring species. I suggested three
mechanisms how the legacy of plant-soil interactions may, alone or in combination,
enhance the rate of succession through priority effects: early successional plant species
exert negative plant-soil feedback; co-occurring plant species cause negative interspecific
plant-soil effects to the early successional species; and the early successional species has
an overall positive interspecific plant-soil effect on co-occurring plant species.

Then 1 teased the soil community effects apart in relation to the size of the organisms
involved. In a greenhouse experiment, I compared J. vulgaris performance in sterilized soil
inoculated with live field soil that was sieved through a 1 mm mesh, with an aqueous soil
suspension also sieved through a 1mm mesh, or with an aqueous microbial suspension
sieved through a 20 pm mesh. Biomass of J. vuigaris was most reduced in pots inoculated
with the sieved soil, whereas the growth reducing effect was lost when pots were
inoculated with the microbial suspension. I also showed that results obtained with
inoculating sieved soil or with a soil suspension are not necessary comparable, so that soil
inoculum preparation can strongly influence the feedback effect. This needs to be
considered when designing plant-soil experiments.

I also examined whether reduced growth of J. vuigaris in soil conditioned by conspecifics
can be due to the release of autotoxic phytochemicals. I tested this hypothesis by
examining the inhibitory effects of different strengths of aqueous J. wulgaris tissue
extracts, as well as the effect of root fragments on the performance of J. vulgaris seedlings
growing in soil or water. Performance of seedlings that were growing in water and
received aqueous extracts was in some cases significantly reduced. However, seedlings
growing in sterilized soil were not affected by J. wwulgaris extracts. Incorporating root
fragments reduced maximum root length significantly, also when seedlings were growing
in sterilized soil. Therefore, I conclude that J. wulgaris may show autotoxicity under
laboratory conditions, but since autotoxic effects were less strong in soil autotoxicity does
not seem to play an important role in the decline of J. vuigaris abundance in old-fields.

To study the effect of plant communities on soil organisms that colonize individual plants, I
determined the composition of arbuscular mycorrhizal fungi (AMF) colonizing individual J.
vulgaris plants. These plants were growing in experimental plant communities. Half the
plant communities were established by sowing mid successional plant species in arable
land and the other half by natural colonization. The plant communities were 10 years old
by the time we collected J. vulgaris plant roots and analyzed the AMF community in the
roots, using a molecular fingerprinting method (T-RFLP). After 10 years, the unsown plant
communities were more diverse and spatially heterogeneous than sown ones, but both
treatments shared many plant species. AMF diversity did not differ between the plant
communities, but there was higher AMF assemblage dissimilarity between individual J.
vulgaris plants in the unsown plant communities. When we grew J. vulgaris plants in field
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soil that was homogenized, in order to rule out spatial variation, there were no differences
anymore in AMF dissimilarity between sown and unsown plots. Thus, plant community
assembly history can influence the AMF community of individual plants growing in those
plant communities.

In conclusion, my thesis study shows that plant-soil biota interactions are an important
factor explaining the hump-shaped population development of J. vulgaris, but these
interactions should be considered in relation to seedling recruitment and interspecific
competition.

11



12



Chapter 1

General introduction

Tess F. J. van de Voorde
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INTRODUCTION

Biodiversity is declining worldwide (Vitousek et a/. 1997; Thomas et al. 2004). In order to
conserve natural diversity and combat its decline, low productive agricultural fields in the
Netherlands have been taken out of production and converted into semi-natural
grasslands. These crop fields became available for nature restoration due to agricultural
intensification. The conversion of agricultural land into species-rich grasslands is a common
practice to restore and conserve diversity in many industrialized countries (Ejrnaes et al.
2003; Walker et al. 2004). After these fields are taken out of agricultural production, they
undergo a transition from an arable system into a species rich grassland. This transition of
plant communities associated to agricultural systems to those typical for semi-natural
grasslands is a well accepted model for ecological studies on factors that drive changes in
plant communities (e.g. Armesto and Pickett 1986; Myster and Pickett 1994).
Understanding the development of grassland communities and the successional transitions
on old-fields is becoming increasingly important from a conservation, restoration and social
perspective (Cramer et al. 2008), and it can help to learn more about other ecological
processes, such as invasion ecology (Meiners et al. 2009).

Succession can be defined as the change in composition of natural vegetation over time
(Picket et al. 1987; Walker and Chapin 1987; Walker and del Moral 2003). Secondary
succession starts after the disturbance of an already existing ecosystem, such as after
forest fires, floods or agricultural abandonment. When secondary succession starts after
abandoning an agricultural field this process is called old-field succession. During
secondary succession, many plant species enter and leave successional sequences
according to a boom-bust pattern (OIff and Bakker 1991; Bezemer et a/. 2006a; Meiners et
al. 2009). These temporal changes in the performance of individual species can be due to
factors such as plant dispersal and recruitment dynamics, resource availability, control by
the surrounding vegetation, as well as by natural enemies (Huston and Smith 1987; OIff
and Bakker 1991). The multitude of possible factors that can affect the population
dynamics of a species during succession make this a complex process to understand. In
addition, the factors that determine the increase in local abundance of a species during the
onset of succession can be entirely different from the characteristics causing its decline
when succession progresses. Also, the strength and relative importance of each factor can
change during the different life stages of a plant or between successional stages (Chapin
et al. 1994; Anderson 2007; Luzuriaga and Escudero 2008).

After cessation of agricultural practices the process of succession starts on soils that are
usually low in soil organic matter content and high in nutrient availability due to
fertilization. In these early successional fields later-successional seeds are often absent in
the seed bank (Bakker and Berendse 1999) and the presence of these species depends on
the dispersal of propagules from the surrounding area (Bakker et a/ 2000). Instead, in
young fields the vegetation is dominated by fast growing plant species (Marrs 1993).
These species are more limited by light than by nutrients (Tilman 1988), as the best
competitors for nutrients typically dominate the plant community (Tilman 1982). As time
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since abandonment increases soil pH decreases (Zeller et al. 2001), levels of nitrate and
phosphorous decrease as they leach or are taken up by microorganisms and plants. The
C:N ratio and amount of organic material increases as no harvestable product is removed
while the fields are not fertilized or cultivated anymore (Inouye et a/. 1987, Knops and
Tilman 2000; Zeller et a/. 2001; Baer et al. 2002; van der Wal et a/. 2006). For long the
focus in studies on successional changes has been on detecting how changes in abiotic
conditions influence plant community composition and vice versa (e.g. Huston 1994; OIff
et al. 1994; Wardle 2002).

Currently, recognition is growing that biota can also play an important role in the
vegetation dynamics during succession. Especially on shorter temporal scales biotic
processes can be important and can cause plant species to be replaced over successional
time. Not only aboveground vertebrates and invertebrates can change plant community
dynamics during succession (Brown and Gange 1992; Schéadler et a/ 2003; Veblen 2008),
also belowground herbivores and (micro-)organisms can affect this process (e.g. Johnson
et al. 1991; De Deyn et al. 2004; Kardol et al. 2006; van der Heijden et a/. 2008; Eschen
et al. 2009). Belowground organisms can have both direct and indirect effects on
secondary succession via their beneficial or harmful effects on plants (Wardle et al. 2004).
For example, pathogenic soil bacteria and fungi, root-feeding nematodes, soil
invertebrates, and mycorrhizal fungi can have strong effects on the performance of
individual plants, their long-term population dynamics and on plant community
composition (e.g. Augspurger 1983; van der Putten et a/ 1993; Bever 1994, van der
Heijden et a/. 1998b; De Deyn et al. 2003; Kardol et a/. 2007). When the vulnerability of a
species to soil pathogens differs from other plant species this can lead to the directional
replacement of a species during succession (van der Putten ef a/. 1993). Soil biota may
also affect the establishment and survival of new seedlings (van der Heijden et a/. 2004;
Pregitzer et al. 2010). In addition, soil organisms that belong to the decomposer
community alter nutrient cycling during succession, which can influence plant performance
indirectly (Wardle et a/. 2004).

In this thesis I will mainly focus on the effects that soil biota have on the performance and
replacement of a plant species during old-field succession. I will also investigate the role of
neighbouring species, via the soil community, on the performance and population
dynamics of the tested species in order to investigate the importance of individual plant-
soil interactions in a community context.

Plant-soil interactions

The performance of a plant is greatly influenced by interactions with the abiotic and biotic
soil environment (Wardle ef a/ 2004). Soil organisms can affect the performance of
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individual plants, but they can also change plant species diversity, the productivity and
composition of plant communities, as well as the functioning of ecosystems (e.g. van der
Putten et a/ 1993; Klironomos et a/ 2000; van der Heijden et al. 1998b, 2008). The
effects of soil organisms on plant performance depend on soil taxon, as well as on the
plant species (Bradford et a/. 2002; De Deyn et al. 2003). Plants also have an effect on soil
biota and the abiotic soil environment (Bever 1994; Wardle 2002; Ehrenfeld et a/. 2005),
for example, via living or decaying roots and root exudates (Bardgett et a/ 1999;
Kulmatiski et a/. 2008; Berg and Smalla 2009). In this way, plants can change the soil
(microbial) community (Bever 1994), increase nutrient availability due to increased
decomposition rates (Berendse 1998), or promote the build-up of soil-borne pathogen
populations (Augspurger 1983; De-Rooij-van der Goes et a/. 1995; Packer and Clay 2000,
2003). These effects of plants on the soil community and abiotic soil environment can
differ greatly among plant species, as plant species culture their own soil community (Aerts
and Chapin 2000; Klironomos 2003; Kardol et al. 2007; Ayres et al. 2009). The effect of a
plant species on the soil community can show up at different locations in the soil food web
(Bezemer et a/. 2010). Plant-soil interactions have been shown a key process in connecting
belowground and aboveground compartments in terrestrial ecosystems (Bardgett and
Wardle 2010).

Plant-soil feedback

Plant species not only affect the soil biotic and abiotic environment in a species-specific
way, they also respond to interactions with the soil community and the abiotic soil
environment in a species-specific way (Bever 1994; Ehrenfeld ef a/. 2005). The two-step
process that a plant changes the soil biotic and abiotic conditions, which subsequently alter
the growth rate of plants of the same species is called plant-soil feedback (Bever et al.
1997; Bever 2003). Plant-soil feedback encompasses the direct effects of the changed soil
community on the growth rate of individuals of the same species (Fig. 1.1). Indirect
feedback effects can occur when the changed soil conditions alter plant performance of
the studied plant by changing the competitive strength of neighbouring plants (Bever
2003). Feedback is called positive when the effects of belowground mutualistic symbionts
and resource availability overrule the negative effects caused by belowground herbivores,
pathogens, and resource immobilization (Bever ef a/ 1997). When the latter effects
dominate, plant-soil feedback is called negative and plant growth will be reduced. For
example, when the performance of individuals of plant species A (Fig. 1.1) is reduced
when they grow in soil conditioned by plant A this is called negative plant-soil feedback.
The negative feedback effect on individuals of species A will indirectly stimulate the
performance of individuals of plant species B, due to the reduced competitive ability of
plant A (Fig. 1.1, dashed arrow). Positive plant-soil feedback has been proposed to result
in plant dominance and enhanced intraspecific competition, enhancing plant persistence
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Fig. 1.1 Scheme of the mechanisms that are important for the performance and replacement of
species A. These mechanisms involve plant-soil interactions with plants of the same species (species
A; plant-soil feedback) and with plants of other species (species B; interspecific plant-soil
interactions), seed availability, seedling recruitment, and indirect changes in competitive ability due to
plant-soil interactions. The chapter in which the mechanism is studied is given between brackets.
Dashed arrows indicate indirect effects.

(Bever 2003). Negative feedback is supposed to promote species co-existence due to
reduced interspecific competition (Bever 2003).

By stimulating or constraining the performance of specific plants, soil biota can change
plant community composition (e.g. van der Putten et al. 1993; van der Heijden et al.
1998a) and even the functioning of ecosystems (Bardgett and Wardle 2010). This requires
plant species-specific soil feedback effects. Indeed, arbuscular mycorrhizal fungal (AMF)
species differ in their effects on plant species (van der Heijden et a/ 1998a; Van der
Putten 2003; Klironomos 2003). In this way they can favour the performance of some
plant species as compared to others, which can lead to differences in plant community
composition or ecosystem functioning (van der Heijden et a/. 1998ab; Bardgett and Wardle
2010). Plant species specificity is also known for soil pathogens. For example, van der
Putten ef al. (1993) showed that early successional plant species can accumulate soil
pathogens that reduce their performance, but not that of later-successional species. In this
way, the negative plant-soil feedback promotes the replacement of the early-successional
species so that soil-borne pathogens can act as a driver of succession (van der Putten
2003).
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The build-up of plant species-specific soil micro-organisms can also enhance secondary
succession, for example, in old-fields (Kardol et a/ 2006) or forests (Augspurger 1983).
Kardol et al. (2006) showed that a negative plant-soil feedback can increase the rate of
successional changes in old-fields in the Netherlands. Plant species indicative of early
stages of old-field succession created a negative plant-soil feedback, which enhanced the
replacement of these early successional plant species (Kardol et a/ 2006; 2007). Mid-
successional species had a neutral feedback, whereas late successional species changed
the soil community in such a way that their own performance was stimulated, thus
maintaining their importance in the community and retarding succession (Kardol et al.
2006; Kulmatiski et a/. 2008). Although many feedback studies focus on the importance of
soil micro-organisms on successional dynamics, also soil invertebrates, such as nematodes
or insects, can change plant community composition, or enhance the rate of succession in
grasslands (Bradford et a/. 2002; De Deyn et al. 2003).

Plant-soil interactions with neighbouring plants

In nature, plants typically grow in mixed communities, and thus also interact with
individuals of other species through competition for light, space, or nutrients (Tilman 2009)
or through facilitation (Brooker et a/. 2008). However, these plant-plant interactions can be
influenced by biotic interactions between plants and aboveground or belowground higher
trophic level organisms, including soil feedback (Bever 2003; Kardol et a/. 2007; Fig. 1.1).
Most of the interactions involving plant-soil feedback effects have focused on plants of the
same species. However, although less well studied, there is also some evidence that points
at the importance of plant-soil interactions between plant individuals that belong to
different species (e.g. Kardol et al. 2007; McCarthy-Neumann and Kobe 2010; Fig. 1.1).
Similar to the plant-soil feedback mechanism described before, via their effects on soil
biota or abiotic soil conditions, plants can affect the performance of individuals of other
species as well. In this way plants can facilitate (van der Heijden and Horton 2009; van
der Putten 2009) or inhibit (Bonamoni et a/ 2005; Casper and Castelli 2007) the
performance of plant individuals that belong to other species. Depending on the temporal
and spatial dimension of these plant-soil interactions, such effects are termed ‘associative
resistance or susceptibility’ (Barbosa et al 2009) when two plants physically grow
together; or ‘priority effects’ when one plant follows after the other (Young et a/. 2001;
Grman and Suding 2010; Haussmann and Hawkes 2010). Although these processes are
well studied for aboveground processes, interactions via the soil have not received much
attention yet.

The changed soil biotic and abiotic conditions that are created by a plant cause legacy
effects in the soil that not only affect the performance of co-occurring plants of the same
and other species, but also the offspring of these species (Bonanomi et a/. 2008). In this
way, soil conditions that were altered by a plant can affect the establishment, growth,
performance or reproduction of the later arriving plants. Priority effects have been studied
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frequently within the context of community assembly (Young et a/. 2001; Fukami et al.
2005). Many studies have shown that the arrival order of species is important for
subsequent community composition and dynamics (Chapin et a/. 1994; Fukami et a/. 2005;
Ejrnaes et al. 2006; Korner et al. 2008; Stevens and Fehmi 2009). Early arrival of a plant
species could lead to space occupancy, both aboveground and belowground, which
contributes to the success of that species (Kérner et a/. 2008). Timely arrival may confer a
competitive advantage to a species that is normally an inferior competitor (Young et al.
2001). In this way priority effects could reduce the invasion success of new colonizers,
when native plants are already present (Stevens and Fehmi 2009). Besides competitive
interactions, priority effects can also arise from facilitative interactions between plant
species, such as ameliorated micro-climate (Scowcroft and Jeffrey 1999), depleted
nutrients (Davis et a/. 2000) and soil chemical conditions (Rhoades et a/. 1998). Via such
environmental changes, early successional species can modify the environment that allows
later successional species to enter the community (Young et a/. 2001).

Although priority effects are well studied, the importance of priority effects due to soil
legacies has received little attention. Especially priority effects due to biotic soil legacies
have rarely been considered. Recently, Grman and Suding (2010) showed that soil legacies
created by native or exotic grassland species can cause strong priority effects on the
performance of subsequent native and exotic plant species. They showed that priority
effects due to soil legacies indeed occur and that they can have large consequences for
the growth of subsequent plant species. The strength of the priority effect depends on the
strength of the plant-soil interactions and their time of endurance after the initial plant
species has disappeared. This time of endurance is called the legacy effect (Kardol et al.
2007). However, little is known on the role of priority effects via soil legacies for plant
population dynamics during secondary succession. In addition, the debate is still open
whether or not interspecific plant-soil interactions play a significant role in determining
individual plant performance and composition of mixed plant communities (Kulmatiski et
al. 2008).

In this thesis I will call the effects of one plant species on another plant species through
soil legacies ‘interspecific plant-soil interactions’ in order to distinguish them from the
commonly studied ‘intraspecific plant-soil feedback’, which refers to the effect of one
individual on individuals of the same species.

Plant-chemical interactions

Plants can affect other plants by interacting with the biotic soil environment, but they can
also interact with each other via the soil in a different way. Due to foliar leaching, root
exudation, plant decomposition or volatilization plants can release chemicals into the soil
(Rice 1974; Inderjit and Nilsen 2003; Lipinska and Harkot 2007; Lambers et al. 2008).
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These chemicals can inhibit the germination, nutrient acquisition or performance of
neighbouring plants (Inderjit 1996). This is called allelopathy (Rice 1984). Many
researchers use the broadest definition of allelopathy: “...allelopathy includes any direct or
indirect harmful effect by one plant (including microorganisms) on another through the
production of chemical compounds that escape into the environment” (Rice 1974). A
special form of allelopathy is autotoxicity or autoallelopathy, which means that the
released allelochemicals inhibit the performance of plants of the same species (Kumari and
Kohli 1987; Lambers et al. 2008).

Many different plant secondary metabolites, such as phenolics, alkaloids, benzoic acids,
can have allelopathic effects (Rice 1974). Allelopathic effects can be attributed directly to
plant chemicals (Bais ef al 2003). However, soil microorganisms can also play an
important role in allelopathy as they can (de-)activate toxic plant compounds or release
phytotoxic compounds when decomposing plant tissues (Rice 1984; Inderjit and Nilsen
2003; Weir and Vivanco 2008). The properties of plant chemicals can also be influenced
directly by the physical and chemical properties of the soil (Kobayashi 2004), for example,
due to adsorption to soil particles (Wardle et a/. 1998). The main focus of allelopathy
studies has been on agricultural problems. For example, how to deal with weed
competition, soil sickness and replanting problems (Rice 1974; Inderjit 2005; Liu et al.
2008). However, autotoxicity can also be important in natural systems (Hierro and
Callaway 2003; Orr et al. 2005).

Although the importance of allelopathy in natural systems is not well studied (Rice 1984;
Inderjit 2001), there are some interesting examples that show the possible effects of
allelopathy in natural systems. For example, a considerable amount of work has been done
on the role of allelopathy in the invasion of exotic plant species (Callaway and Aschehoug
2000; Vivanco et al. 2004; Orr et al. 2005). According to the novel weapons hypothesis
exotic species can excrete allelochemicals that are new to the native plant community,
thus providing the invader with a competitive advantage over the native plant species
which may promote invasion and gaining dominance (Callaway and Ridenour 2004).

Allelopathy and autotoxicity can also play an important role in succession (Rice 1984). In
old fields in Kansas, leachates of Helianthus annuus inhibited the performance of co-
occurring early successional species as well as the performance of H. annuus itself during
early secondary succession, but leachates did not reduce the performance of a later
successional species (Wilson and Rice 1968). In this way allelochemicals of H. annuus
enhanced successional replacement, suggesting that plant-chemical interactions can be
important for the replacement of a plant species by later successional ones.
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Symbionts colonizing individual plants in a grassland

Until now, I focused on plant-soil interactions and their effect on plant performance and
community dynamics. However, the interaction between plants and soil organisms can also
be studied from a soil organism viewpoint: the effect of the plant community on soil
organisms. As a model to study the effect of plant communities on soil organisms I used
arbuscular mycorrhizal fungi (AMF). AMF are obligate biotrophs living in close collaboration
with plants. Therefore, we can expect that the plant community has a direct effect on the
composition of the AMF community in the soil and in the roots of individual plants growing
in that community.

AMF belong to the phylum Glomeromycota (SchiBler et al/. 2001) and form symbiotic
associations with approximately 60-80% of the terrestrial plant families (Trappe 1987;
SchiiBler et al. 2001). AMF colonize plant roots and extend hyphae into the soil. Via these
hyphae the AMF can take up immobile nutrients, such as phosphorous in a wider range
than the plant roots can (Smith and Read 2008). They exchange the nutrients and other
plant benefits, such as drought and pathogen protection, for photosynthetically fixed
carbon (Davies et al. 1993; Newsham et a/. 1995; Borowicz 2001; Smith and Read 2008).
The exchange takes place in arbuscules, which are structures formed by the fungi inside
plant roots. AMF reproduce via spores, which can survive in the soil for many years.
Although most plants benefit from AMF colonization, the costs of maintaining AMF can be
higher than the benefits for the plant (Johnson et al. 1997). Therefore, the association
between AMF and plants can range from mutualistic to parasitic depending on, for
example, the AMF strain, the identity of the plant species (Klironomos 2003), the
environmental conditions, or the developmental stage of the plant (Smilauer 2001;
Husband et a/. 2002). Due to this differential effect on individual plant species (Johnson et
al. 1997; Klironomos 2003; Rinaudo et a/ 2010) AMF can change the outcome of plant
competition (Koide and Dickie 2002; Scheublin et a/. 2007), productivity (van der Heijden
et al. 1998b; Klironomos et a/. 2000), the success of invasive plants (Stampe and Daehler
2003), and plant community composition (van der Heijden et a/. 1998a; Hartnett and
Wilson 1999; Koide and Dickie 2002) and diversity (Klironomos and Hart 2002).

Besides the effect that AMF can impose on plant performance and ecosystem functioning,
AMF themselves are also affected by environmental conditions. For example, the AMF
spore community within the soil can be influenced by soil characteristics, such as
disturbance history, soil type and chemistry (Helgason et a/. 1998; Egerton-Warburton et
al. 2007; Fitzsimons et al. 2008). Nevertheless, the composition of the spores does not
have to reflect the actual AMF community colonizing plant roots. In a study investigating
the composition of root colonizing AMF , Opik et a/. (2006) reported large differences
between ecosystems worldwide, suggesting that environment is an important factor
determining AMF colonization of plant roots. On a smaller spatial scale, Johnson et al.
(2004) showed that in a microcosm study plant species composition influenced AMF
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diversity in the plant roots significantly. Recently, Hausmann and Hawkes (2009) showed
in a glasshouse study that besides plant diversity, also the identity of neighbouring plants
can influence the composition of AMF colonizing a focal plant. They showed that the
composition of the AMF community differed significantly in roots of plants that were
growing in a monoculture and that were growing in a heterospecific perennial-annual
mixture. Similarly, in field experiments in Utah and California Hawkes et a/ (2006) found
that the AMF assemblage colonizing native plant roots changed when the area was
invaded by exotic grasses. Also, the presence of the invasive forb Centaurea maculosa
changed the AMF community colonizing Dactylis glomerata plants (Mummey et a/. 2005).
These studies show that the community context is important for plant-AMF interactions
and that there is a need for more field studies in order to understand how the composition
of AMF communities is shaped.

Aim and research questions of the thesis

The main aim of this thesis is to examine the importance of plant-soil interactions via soil
biota or the release of plant chemicals for the population dynamics of an early-successional
plant species. In addition, I studied how the surrounding plant community can influence
plant-symbiont assemblages in the roots of individual plants. In my thesis, I use Jacobaea
vulgaris as a model, because this species is a strong determinant of early successional
plant communities in old-fields.

The major research questions of this thesis are:

i. How does a J. wulgaris population develop during secondary succession on old-
fields?

ii. What is the importance of plant-soil feedback for performance and population
dynamics of J. vulgaris during old-field succession?

iii. Do co-occurring plant species create soil legacies that affect the performance of J.
vulgaris? What is the effect of interspecific plant-soil interactions of co-occurring
plant species on the performance of J. vuigaris?

iv. Does the plant-soil feedback effect differ between size classes of soil biota, and is
there variation in effect size between plant populations?

v. Does autotoxicity affect the performance of J. vulgaris? Under which conditions is
autotoxicity most likely to occur?

vi. What is the effect of the surrounding plant community on mutualistic symbionts
(/.e. arbuscular mycorrhizal fungi) colonizing individual J. vu/garis plants?
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Jacobaea vulgaris

In this thesis I use the plant species Jacobaea vulgaris ssp. vulgaris (Asteraceae) synonym
Senecio jacobaea (Pelser et al. 2006) (Fig. 1.2). J. vulgaris is commonly known as (Tansy
or Common) ragwort. In Dutch this forb is called ‘Jakobskruiskruid’. J. vulgaris can become
dominant in early successional plant communities and is native to most countries in
Europe, including the Netherlands. In North America, Australia, and New Zealand J.
vulgaris has been introduced and became invasive (Poole and Cairns 1940; Wardle 1987;
Bain 1991). J. wulgaris occurs in all provinces of the Netherlands (van der Meijden 2005).
In the western part of the Netherlands the subspecies J. vuligaris spp. dunensis (Dumort.)
is more commonly found (van der Meijden 2005).

J. vulgaris occurs typically on relatively dry and sandy soils in northwestern Europe (e.g.
van der Meijden and van der Waals-Kooi 1979; Crawley and Nachapong 1985; Bezemer et
al. 2006a). In the Netherlands, J. vwigaris occurs on open or grazed, sandy soils, such as
weed pastures, agricultural and natural areas (van der Meijden 2005; Bezemer et al.
2006a). Especially in disturbed areas or during periods of disturbance, such as overgrazing
or pasture suppression, J. vulgaris can establish well (Harper and Wood 1957; Wardle et
al. 1987) and become very abundant (Smittenberg 2005; Bezemer et a/. 2006a).

J. vulgaris is a monocarpic perennial weed that spends its first year as a rosette (Fig.
1.2D). Seeds germinate in autumn or in spring, after which they form a rosette in the first
growing season. From May-June of the next growing season, the flowering stem develops
and the plant will flower from July-October. After flowering and seed set the plant dies.
Flowering may take place in the second year, but is often delayed following herbivory as
flowering will only occur when a certain threshold size has been reached (van der Meijden
and van der Waals-Kooi 1979; Prins et al. 1990). The foliage of the plant is sometimes
eaten almost entirely by (specialist) herbivores, but J. vu/garis has a strong capacity for re-
growth after damage (van der Meijden et a/. 2000). Dispersal occurs mainly via seeds that
are dispersed via wind or gravity, but J. vulgaris can reproduce vegetatively via root or
crown buds as well (Harper and Wood 1957). The seeds can differ in weight depending on
plant performance and a small reduction in seed size can already strongly reduce plant
fitness and the competitive ability of these seedlings (Crawley and Nachapong 1985).
Given the right conditions, each plant can produce more than 100,000 seeds. These seeds
can remain dormant for many years in the soil seed bank and retain high germination
rates (e.g. Harper 1958; Thompson and Makepeace 1983; Wardle et al. 1987; McEvoy et
al. 1991). Although seeds can remain viable in the soil for a long time, there is often a
large discrepancy between the number of J. vulgaris seeds in the seed bank and the actual
number of seedlings that are present in the field (Forbes 1977; Crawley and Nachapong
1985). One of the explanations given for this discrepancy is the absence of disturbances,
so that non-germinated seedlings are not brought back to the soil surface (van der
Meijden and van der Waals-Kooi 1979).
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(A)

STARB R HEarsin o L

Fig. 1.2 Jacobaea vulgaris ssp. vulgaris (Asteraceae) synomym Senecio jacobaea L. (A) Drawing ob-
tained from CAM Lindman (1901-1905), Bilder ur Nordens Flora; picture of flowering J. vuigaris plant
(B); manual removal of J. vulgaris plants near Emmen, the Netherlands (Picture GPD/Jan Anninga in
Leeuwarder courant ed. Zuid 13-11-2010) (C); J. vulgaris rosette (D).
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The seed bank can be important for J. vwigaris to maintain population size, as was shown
in a Dutch dune system by van der Meijden (1971). J. wulgaris is a plant species that
prefers open, disturbed patches to colonize (Cameron 1935; Harper and Wood 1957) and
germination success is higher in bare and disturbed micro-sites than in dense grassland
vegetation (Cameron 1935; van der Meijden and van der Waals-Kooi 1979; Prins and Nell
1990). Dense grassland vegetation also lowers J. vulgaris establishment success, showing
that J wulgaris is a weak competitor before reaching the rosette stage (Harper 1958;
Thompson 1980). However, once reaching the rosette stage, J. vulgaris can outcompete
other plant species effectively (Harper 1958).

J. vulgaris produces a variety of pyrrolizidine alkaloids (PAs) in the roots (Hartmann and
Dierich 1998). These PAs, which are also expressed in aboveground plant parts, can act as
defense chemicals against mammals, insect herbivores and soil pathogens, such as fungi,
bacteria and plant parasitic nematodes (Mattocks 1968; Vrieling et a/. 1991b; Witte et al.
1992; van Dam et a/. 1995; Hol and van Veen 2002; Macel et a/. 2002; Kowalchuk et al.
2006; Thoden et a/. 2009ab). Herbivory can also influence PA concentrations in roots and
shoots (Vrieling et al. 1991a; Hol et al. 2004). Especially the interaction between J.
vulgaris and aboveground insects has been studied intensively, in order to understand the
importance of PAs on insects or vice versa, or the use of insects as biological control
agents. In this thesis I will focus on interactions between J. wu/garis and belowground
organisms.

The concentration of PAs in the roots and shoots is reduced when more nutrients for plant
growth are available. This reduction is due to increased biomass production rather than
due to decreased PA production (Hol et a/. 2003). Ahmed and Wardle (1994) found that
extracts made of J. wulgaris tissues can reduce the performance of grassland species. In
the Netherlands and in many other countries J. vulgaris is considered a problem weed in
pastures (McEvoy 1984; Smittenberg 2005) and abandoned arable fields that are used for
nature restoration (Bezemer et al/. 2006a). This is mainly due to its dominance (Wardle
1987; Bezemer et al. 2006a) and because it contains pyrrolizidine alkaloids that are toxic
for livestock (Cameron 1935; Wardle 1987).

Besides the scientific interest in J. vwigaris, there is also much interest in J. vuigaris from
the public and many hot-tempered discussions can be found on the internet. Landowners,
farmers and horse keepers are annoyed by J. wulgaris invading their properties from
neighbouring nature reserves and remove J. wvulgaris plants manually (Fig. 1.2C). The
reason for this uproar is that the PAs in J. wulgaris can cause acute and chronic liver
damage when ingested by cattle and horses (Mattocks 1986). In the field, J. wuigaris
plants are generally avoided by cattle unless the plants are very abundant (Wardle et al.
1987). However, when the plants are harvested and end up in hay, they are not noticed
anymore by the animals and they will be eaten. The consumption of J. vulgaris plants can
have serious negative health effects on cattle and horses. Besides the consequences for
horse keepers and cattle farmers, the J. wu/garis problem has consequences for other
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groups as well. For example, harvested grass from road sides can not be sold anymore as
hay unless it is proven to be “J. wulgaris-free”. The PAs in J. wulgaris can also be toxic for
humans when ingested, however, the risks for humans by skin contact
(www.ragwort.jakobskruiskruid.com) or via honey consumption (www.vwa.nl) are unlikely,
but still under investigation.

Landowners, municipalities and provinces are currently investigating the increase in J.
vulgaris abundance and the problems that this may cause in the Netherlands (Covenant
Province Gelderland; Groningen; Friesland). Besides investigating the problem, some
provinces and municipalities made covenants in which they exclude J. vuigaris from seed
mixtures for road verges or made appointments about only selling hay without J. vuigaris.
In addition, they have developed guidelines to mow areas with high J. wulgaris cover
before seed-set (Province Gelderland 2007). However, mowing only reduces seed
distribution, but it does not remove the plants, as it only removes aboveground plant parts
of the plants. Therefore, in order to reduce J. vu/garis cover mowing has to be repeated
frequently, which is a costly measure. In addition, frequent mowing will disrupt other
plants and insects as well, which makes it an unfavorable management tool in natural
areas. Removing the J. wulgaris plants manually, including their root system, has a better
success rate, however this is very labour-intensive and therefore not suitable for large
areas (Boekhoff 2005). Currently, some landowners are conducting experiments in which
they test different maintenance practices against J. vu/garis. Nevertheless, J. vulgaris is a
native plant species in the Netherlands and therefore the urgency of reducing its presence
is not considered to be very high by all land owners and nature conservationists.

Study area

For the work described in this thesis I selected ten fields that form a chronosequence of
agricultural land abandonment (Fig. 1.4). In a chronosequence space replaces time (Picket
1989). In order to do so, it requires that all other factors than time are constant, such as
land use history, climate and substrate. The ten fields were taken out of agricultural
production between 1982 and 2005, and the eight oldest fields are a subset of ones also
used by Kardol (2007), van der Wal (2007) and Holtkamp (2010). All fields are larger than
1 ha and are situated at the Veluwe, which is a large nature reserve in the centre of the
Netherlands. The Veluwe was created during the Saalien ice age and consists of sandy to
sandy loam glacial deposits. The ten fields were selected because of their similarity in soil
substrate, current management practices (extensive grazing), and similar arable crop
growing history (maize, cereals; Kardol et a/. 2005; van der Wal et a/. 2006). After the
agricultural practices were ceased, the fields were colonized naturally and since then they
have been managed by low-intensive grazing by natural and introduced vertebrate
herbivores (deer, horses, cattle). The maximum distance between two fields is
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Oud Reemst - 2 Telefoonweg - 5

Nieuw Reemst - 17

Mosselse Veld - 22 Dennenkamp - 25

Fig. 1.4 Jacobaea vulgaris cover in the chronosequence of fields that were taken out of production 2,
5,13, 17, 22 or 25 years ago.
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approximately 35 km. An overview of locations of the chronosequence fields and the year
in which they were taken out of production is shown in Table 1.1 and Fig. 1.3 & 1.4.

In order to test the strength of the assumption that space may replace time, I compared J.
vulgaris abundance measurements at the chronosequence with measurements at a long-
term experimental field site. The experimental field site was set up in 1996 as part of the
European ‘changing land usage, enhancement of biodiversity and ecosystem development’
program (CLUE) under the Fourth Framework Environment and Climate Program of the
European Commission (van der Putten et a/. 2000). The experimental field site is also part
of the chronosequence (Mossel; Table 1.1) and is located near Ede, the Netherlands
(52°04'N, 05°45E). In 1996, the 0.5 ha field experiment was started by cultivating the top
soil of a corn field harvested in 1995. Then, plots of 10 x 10 m were sown with 15, 4, or 0
(Unsown) mid-successional grassland species. There are five replicate plots for each
treatment, arranged in five blocks (Fig. 1.5). In addition to the treatments applied in 1996,
agriculture was maintained in one treatment until 1999. After initial sowing, plots were left
to be colonized by plant species from the seed bank and the surrounding area without any
weeding. Once a year, at the end of the growing season, above-ground biomass was
mown and removed from all plots (see van der Putten ef a/. 2000 and Bezemer et al.
2006a for further details). The plant community characteristics of the plots sown with 0, 4
and 15 species differed significantly and consistently over the years (Fukami et a/. 2005;
Bezemer and van der Putten 2007; Leps et al. 2007).

Table 1.1 Characteristics of chronosequence fields and their properties: field code, name, year of
abandonment and location.

Field code Field name Year of Latitide Longitude
(age in 2007) abandonment (°N) (°E)
2A Oud Reemst 2005 52.02 5.48
2B Reijerskamp 2005 52.01 5.47
5A Telefoonweg 2002 52.00 5.45
5B Assel 2002 52.12 5.49
12 Mossel 1995 52.04 5.45
13 Plantage Willem 111 1994 51.59 5.31
17 Nieuw Reemst 1990 52.04 5.47
19 Wolfhezerveld 1988 51.60 5.47
22 Mosselse veld 1985 52.04 5.44
25 Dennenkamp 1982 52.02 5.48
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Fig. 1.5 Overview of the locations of the ten chronosequence fields in the Netherlands.
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Fig. 1.6 Schematic overview of the long term experimental field site.

35

30

25 A

20

15 1

10 1

Cover of J. vulgaris (%)

1996 1997 1998 1999 2000 2001 2002 2003

Year

Fig. 1.7 Mean (% SE) percent cover of Jacobaea vulgaris from 1996-2003 in plots that were unsown
(4), sown with 15 (o) or sown with 4 (V) species (figure adapted from Bezemer et a/. 2006a).
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I will use data from the unsown plots to validate J wu/jgaris cover data at the
chronosequence fields. In addition to studies based on the chronosequence of old-fields, I
will also use this experimental field site to determine how plant community composition
affects the AMF community colonizing J. vulgaris plants (Chapter 6). In that study I will
compare the unsown plots (Unsown) with plots that were sown with 15 species (Sown).

J. vulgaris /n the study area

Since 1996, at the long-term experimental field site the population dynamics of J. vulgaris
have been recorded annually at peak standing biomass (Bezemer et a/. 2006a). Although
J. vulgaris was not one of the species that was sown at the experimental site, J. vuigaris
invaded all plots of the site in 1997. Since then, J. vulgaris cover increased and in 2000 the
mean cover peaked at approximately 30% in the unsown plots (Fig. 1.6). From 2000
onwards the abundance of J. wulgaris declined again (Fig. 1.6). Bezemer et a/. (2006a)
suggested that this decline was due to negative soil effects, which could be attributed to
soil fungal pathogens that build up in presence of J. vulgaris. Their study showed that the
initial composition of the plant community, e.g. sown or unsown, and interactions with the
plant and soil community and aboveground invertebrates can influence the dynamics of J.
vulgaris.

Thesis outline

In Chapter 2 of this thesis I describe the population dynamics of J. wuigaris in a
chronosequence of old-fields that were taken out of agricultural production between 2 and
25 years ago. I validated the measured J. wuigaris cover of the fields from the
chronosequence with a time-series of measurements at a long-term grassland biodiversity
experiment in the same area. In order to study the effect of the soil community on J.
vulgaris performance during old-field succession, I conducted a greenhouse experiment
with soil collected from the old-fields. Additionally, in a series of experiments I tested
potential other processes that can affect J wwigaris population dynamics, such as
germination, seedling establishment and seed availability.

In nature, J. wulgaris is part of a diverse plant community. All these plant species can
potentially change the abiotic and biotic soil conditions, which may alter plant
performance. In Chapter 3, I examine if and how plant species that co-occur with J.
vulgaris influence J. vulgaris performance by changing the soil community. In addition, I
examined the soil effect of J wulgaris on these co-occurring species. I compared these
interspecific plant-soil effects between J. vuigaris and co-occurring plants, and vice versa,
with the intraspecific plant-soil feedback effect of J. wuigaris on itself. In addition, I
calculated how plant communities surrounding J. vu/garis plants can affect, or are affected
by, J. vulgaris via the soil community.
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In order to obtain a better understanding of the plant-soil interactions that J. vulgaris is
exposed to, I conducted an experiment in which I investigated the effect of different
groups of soil organisms on the measured soil effect (Chapter 4). I collected soil from
two old-fields and conducted a greenhouse experiment with different size fractions of the
collected soil. In addition, I examined intraspecific variation in the response of J. vulgaris
to these altered soil conditions by using J. wvwuigaris seeds that originated from the two
fields.

Plants can also affect the performance of other individuals of the same species via plant
chemicals. In order to study the effect of autotoxicity on J wulgaris performance, in
Chapter 5, I conducted a series of laboratory experiments on the inhibitory effects of
aqueous extracts made from J. wulgaris shoot and root tissues and from soil that was
conditioned by J. vulgaris. In addition, I studied whether the addition of root fragments
affected the performance of J. wuigaris seedlings growing in soil or water.

So far I focused on the effect of the soil and plant community on the performance of
plants. In Chapter 6 I focus on the effect of the plant community on soil organisms that
colonize individual J. wulgaris plants. I determined the composition of arbuscular
mycorrhizal fungi in individual J. vulgaris plants, using the molecular fingerprinting method
terminal restriction fragment length polymorphism (T-RFLP). The plants were collected
from an experimental field site, from sown and unsown plant communities. Unsown plant
communities were more diverse and spatially heterogeneous than sown ones.

In Chapter 7 I synthesize the results of all chapters and discuss the implications of these
findings for plant community dynamics during old-field succession.
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Chapter 2

Plant-soil interactions and the population dynamics of an early
successional plant species in an old-field chronosequence

Tess F. J. van de Voorde; Wim H. van der Putten; T. Martijn Bezemer

Submitted
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J. VULGARIS DYNAMICS IN OLD-FIELDS

Abstract

Plant-soil interactions can influence the performance of plants, but there are virtually no
studies that link plant-soil feedback to long-term plant population dynamics. We
hypothesized that long-term changes in the abundance and performance of the plant
Jacobaea vulgaris are related to plant-soil feedback. Long-term measurements at an
experimental field and in a series of ten old-fields representing a chronosequence following
land abandonment revealed a remarkably similar hump-shaped temporal pattern of J.
vulgaris cover, which peaked about 5 years after abandonment. In a plant-soil feedback
study, J. wulgaris biomass of plants grown in soil from the chronosequence fields was
lower than in sterilized control soil and there was a negative relationship between biomass
in the feedback study and J. vulgaris density in the field. When plants were grown again in
the conditioned soil, a much stronger negative plant-soil feedback was observed for all
fields. The results indicate that soils from all stages of the chronosequence can develop
strong negative soil feedback to J. wuigaris, and that there is a positive relationship
between J. vulgaris density and the level of control by the soil community. In a common-
garden experiment with intact vegetation turfs collected from the chronosequence fields in
which J. wulgaris was seeded, seedling establishment was significantly lower in turfs from
older than from young fields. In a seed bank study the number of emerging seedlings
declined with time since abandonment of the field. In conclusion, negative plant-soil
feedback is an important factor explaining the hump-shaped population development of J.
vulgaris. However, negative plant-soil feedback is not operating alone, as propagule
availability and competition may also be important. Thus, in order to explain its
contribution to plant population dynamics, the role of plant-soil feedback along
successional gradients needs to be considered from a community perspective.

Key words: Biodiversity, chronosequence, enemy-free space, plant-soil feedback,
secondary succession, Senecio jacobaea

Introduction

Why and how the composition of plant communities changes over time has been studied
frequently and often old-field succession has been used as a model to study the long-term
population dynamics of plants (e.g. Connel and Slatyer 1977). Many early-successional
plant species enter and leave successional sequences according to a boom-bust pattern
(OIff and Bakker 1991; Bezemer et al/ 2006a; Meiners et al 2009), but there is little
coherent understanding of what causes these typical temporal processes (Bardgett et al.
2005). In many of these studies the focus has been on detecting how changes in abiotic
conditions and increased competition with later-successional species influence plant
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community composition (e.g. Tilman and Wedin 1991; Huston 1994; OIff ef al 1994).
However, besides changes in abiotic conditions, temporal changes in the performance of
individual species can be due to a number of factors, including plant dispersal and
recruitment dynamics, resource availability, and control by the surrounding vegetation, as
well as by natural enemies and soil biota (Huston and Smith 1987; OIff and Bakker 1991).

Soil biotic interactions play an important role in influencing the population dynamics and
performance of plants (Reynolds et a/ 2003; Kardol ef al. 2006). For example, pathogenic
soil bacteria and fungi, root-feeding nematodes, and mycorrhizal fungi can have strong
effects on the performance of individual plants and on plant community composition (e.g.
van der Heijden et a/ 1998a; Kardol ef a/ 2007). Even when plants are growing in mixed
plant communities, they culture species-specific soil communities which include species
that can negatively affect the plant itself (Bezemer et a/ 2010). Soil-borne enemies are
capable of affecting the long-term population dynamics of plant species (Augspurger 1983;
Bever 1994), however, relatively little is known about how strongly these plant-soil
interactions may influence plant performance and population dynamics in the field.

While the performance of a plant can be greatly influenced by its biotic soil environment,
the population size of a plant species is also determined by its seed production and
dispersal, and by the subsequent germination and establishment rates (Chapin et al. 1994;
Anderson 2007). In turn, many of these characteristics are density-dependent, and are
under the influence of abiotic conditions of the environment and biotic interactions with
aboveground and belowground herbivores, pathogens, symbionts and decomposer
organisms (Wardle et al. 2004).

We hypothesized that long-term changes in the abundance and performance of an early
successional plant species are affected by plant-soil feedback. Specifically, we studied the
population dynamics of Jacobaea vulgaris (synonym Senecio jacobaea) in a long-term
experimental field site and in a chronosequence of old-fields. Jacobaea vulgaris is a plant
species that is typical for old-field succession on relatively dry, sandy soils in northwestern
Europe (e.g. van der Meijden and van der Waals-Kooi 1979; Crawley and Nachapong 1985;
Bezemer et al. 2006a). The plant can become very abundant during the first years of old-
field succession, but then abundance declines (Bezemer et al. 2006a). We hypothesized
that the population decline of J. vulgaris in the field coincides with the development of a
negative plant-soil feedback. In order to determine how soil community composition and
soil characteristics influence population dynamics and performance of J. vulgaris, we used
a series of old-fields representing a chronosequence following land abandonment (Kardol
et al. 2005). In a greenhouse experiment with soil collected from these fields we tested
how plant-soil feedback affects the performance of J. vulgaris. We performed a two-phase
feedback experiment, as the growth effects in the conditioning phase of the experiment
reflect the current net activity of pathogens, symbionts and decomposer organisms in the
field, whereas the effects in the feedback phase of the experiment represent the net
effects of these groups of soil biota that may develop following plant presence.
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Besides studying the effect of plant-soil feedback on J. vulgaris performance, in a common
garden experiment we investigated how changes in soil characteristics and vegetation
influence seedling establishment in turfs with intact vegetation. Finally, in order to relate
the experimental findings to patterns observed in the field, we recorded the abundance of
J. vulgaris, measured the density and size of individual plants, determined seed availability,
percentage germination, and we identified soil microorganisms (microbes and nematodes)
in the rhizosphere soil of the plants in the old-fields.

Material and Methods

Jacobaea vulgaris ssp. vulgaris (synonym Senecio jacobaea L.) is a monocarpic perennial
weed (Asteraceae) that spends its first year as a rosette. Flowering may take place in the
second year, but is often delayed following herbivory (van der Meijden and van der Waals-
Kooi 1979). J. wvulgaris is an early successional plant species native to the Netherlands and
Europe, but invasive in other continents. In the Netherlands and in many other countries,
J. wvulgaris is considered a problem weed in abandoned arable fields that are used for
nature restoration (Bezemer et a/ 2006a). This is mainly due to its dominance and
because it contains pyrrolizidine alkaloids that are toxic for livestock (Cameron 1935).

Long-term dynamics in a field experiment

In a long-term experimental field experiment, we determined the temporal pattern of J.
vulgaris abundance in five naturally colonized experimental plots of 10 x 10 m each that
had been monitored for 13 years, from 1996 until 2008. These plots had been installed in
1996 as part of a biodiversity experiment (van der Putten et al. 2000). All plots were
colonized by J. vulgaris in 1997. J. vulgaris cover has been recorded each year at peak
standing biomass (Bezemer et al. 2006a; van de Voorde et a/. 2010). The experimental site
is situated in the area of field 12 (see below; Table 2.1).

Chronosequence fields

In order to determine J. vulgaris characteristics and the importance of plant-soil feedback
for population dynamics in the field, we selected ten fields where agricultural practices
were ceased between two and 25 years ago (Table 2.1, Table S2.1). All fields of this
chronosequence were at least 1 ha in size, extensively grazed and previously cultivated
according to crop rotation schemes. The fields are located on the same parent soil: sandy
to sandy loam glacial deposits in the central part of the Netherlands (Veluwe). In July
2007, at each field an imaginary W-shaped transect was laid out in a plot of 50 x 150 m.
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All soil and vegetation samples were taken at this transect. Vegetation recordings were
taken at the five outer-ends of the W-shape. Plant community composition and estimated
percent cover of each species including J. vulgaris were recorded in five 1 x 1 m quadrats
in each field, for a total of 50 observations (10 fields x 5 quadrats per field). Soil samples
were taken at ten sampling points at the W-shape in each field, for a total of 100 samples
(10 fields x 10 samples per fields).

J. vulgaris plant characteristics in the chronosequence

In order to determine if plant characteristics of J. vulgaris change during succession, in
each field, at the ten positions at the transect that were also used for soil collection (see
above), the nearest flowering J. vu/garis plant was identified. Plants, including rhizosphere
soil, were then excavated, stored individually in plastic bags and brought to the laboratory,
where aboveground plant parts and roots were separated. Aboveground plant material
was oven-dried (70 °C for five days) and weighed. In a 3 x 3 m area located in the middle
of each chronosequence field, the number of J. wulgaris plants was recorded and the
reproductive height of all flowering plants and the diameter of all rosettes were measured.

Soil nutrient characteristics in the chronosequence

To determine potential changes in nutrient composition during old-field succession, from
each chronosequence field ten soil samples were collected. Three or four individual soil
samples (3 cm diameter and 15 cm depth) were combined into three homogenized soil
mixtures per field. This resulted in 30 mixtures (10 fields x 3 combined soil samples),
which were dried at 40 °C for 3 days. Soil mineral N was extracted by shaking 10 g (dry
weight) soil with 50 ml 1 M KCl for 2 h. NHs*-N and NOs-N were determined
colorimetrically in the KCI extract (Traacs 800 autoanalyzer; TechniCon Systems Inc.) and
values were added up to express total mineral N. C:N-ratio was measured on a FlashEA
1112 Series NC soil analyzer (Thermo Scientific). pH was measured in 2:5 dry soil: water
suspensions. The percentage organic C was determined according to Nelson and Sommers
(1982) and available P according to Olsen et al. (1954) and measured at 720 nm.

Soil biotic community

To identify potential agents of the plant-soil feedback that affect abundance and
performance of J. vulgaris plants in the old-fields, we determined the nematode and fungal
community composition. Subsamples of the roots of the ten plants from each field were
combined per field. Nematodes were extracted from the combined sample of
approximately 2 g dry root mass using a mistifier and an extraction time of 50 hr.
Nematodes were heat-killed and fixed (35% formaldehyde diluted to 4%). Plant-feeding
nematodes were identified to genus or species level, according to Bongers (1988) and the
total number of plant-feeding nematodes per gram dry root material determined. Fungal
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community composition of a sub-sample from the pooled and homogenized rhizosphere
soil of the ten J wulgaris plants per field was determined using PCR-based denaturing
gradient gel electrophoresis (DGGE), using fungal-specific primers (Appendix S1).

Plant-soil feedback

To examine the effect of the soil community in the old-fields on J. wvulgaris biomass
production and to test the potential buildup of a soil feedback, we conducted a plant-soil
feedback experiment. This greenhouse experiment consisted of a first phase, in which the
effect of the field soil on J. vulgaris growth was measured, and a feedback phase, in which
the further development of a J. wulgaris specific soil feedback effect was tested. For the
conditioning phase, seeds were collected from field 12 (Table S2.1), surface sterilized (1
min in 0.1% chloride solution and rinsed) and germinated on glass beads. J. wvulgaris
plants were grown in 0.9 L pots filled with 1.2 kg soil (based on dry weight). The soil was
a mixture of 6:1 sterilized bulk soil and field soil. To obtain sterilized bulk soil, soil
(approximately 750 kg) was collected from field 12 from 5-20 cm below the soil surface,
sieved using a 0.5 cm mesh, homogenized, and sterilized by gamma irradiation (> 25
KGray gamma irradiation, Isotron, Ede, the Netherlands). Field soil was collected by taking
approximately 150 soil cores (3 cm diameter and 15 cm depth) randomly from each field in
July 2007. Soil of each field was sieved (0.5 cm mesh size) and homogenized. Control
plants were grown in sterilized bulk soil inoculated with an autoclaved (3 consecutive days,
20 min at 120 °C) mixture of the inoculum soil of all ten fields.

In each pot 3 one-week-old seedlings were transplanted. Seedlings that died during the
first week of the experiment were replaced. All treatments were replicated five times,
which resulted in 55 pots in total (10 fields x 5 replicate pots + 5 sterilized control pots).
Pots were placed randomly in a greenhouse at 70% RH, at 16h 21 °C (day) and 8h 16 °C
(night). Natural day light was supplemented by metal halide lamps (225 umol s* m?
photosynthetically active radiation, 1 lamp per 1.5 m?). Plants were watered every other
day and initial soil moisture level (17% at soil dry weight basis) was re-set twice a week by
weighing. After 10 weeks all aboveground biomass was harvested, oven-dried (70 °C for
five days) and weighed. The soil, including roots, in each pot was divided into four equal
parts. From two parts the roots were gently rinsed and nematodes were extracted from a
homogenized sub-sample of these rinsed roots (approximately 1 g based on dry weight),
using the same procedure as for the field plants (see above).

The other two parts per pot were used as inoculum for the feedback phase and were
mixed in a 1:1-ratio with the sterilized bulk soil (640 g dry weight sterilized soil) to balance
for potential nutrient deficiencies after the first growth phase. Also control plants were
included. This control treatment is comparable to the control in the conditioning phase and
is irradiated bulk soil which is inoculated with an autoclaved (3 consecutive days, 20 min at
120 °C) mixture of the inoculum soil of all ten fields. This new control was mixed in a 1:1-
ratio with irradiated bulk soil, as was done for all pots in the feedback phase. All
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treatments were replicated five times, which resulted in 55 pots (10 fields x 5 replicate
pots + 5 new sterilized control pots). Three J. wulgaris seedlings were planted and
seedlings that died during the first week of the experiment were replaced. After one week
the seedlings were randomly thinned to two seedlings per pot. Plants were grown under
the same conditions as during the conditioning phase. Six weeks after transplanting,
aboveground biomass was harvested, oven-dried (70 °C for five days) and weighed. For
both phases, the reduction in aboveground biomass production was calculated relative to
the sterile control of that phase.

Common garden experiment

To determine the effect of the plant and soil community in the old-fields on seedling
establishment, we conducted a common garden experiment. In the common garden
experiment we determined seedling establishment during a whole growth season in intact
turfs. In December 2008, 30 x 30 x 30 cm turfs were collected, six turfs each from fields
2A, 5B, 12 and 25. The turfs were placed in a plastic ring of 25 cm diameter, placed on
root cloth in a common garden so that the soil surface of the turf leveled with the
surrounding soil. The garden was situated at the Netherlands Institute of Ecology,
Heteren, the Netherlands. In each turf 9 rows of 9 seeds were placed at 0.5 cm below the
surface and 2.5 cm apart. All seeds originated from field 12. For each turf, at the start of
the experiment the percentage bare ground was recorded. In September 2009, after one
growing season, the percentage established seedlings was determined.

J. vulgaris seed characteristics

To determine if reduced seed weight or reduced germination are related to decreased J.
vulgaris performance and abundance in the older fields, we measured seed weight and
germination of plants from each field. Percent germination and weight of J. vulgaris seeds
from each field was determined for seeds collected from approximately 100 plants in each
of the fields in November 2007. Seeds were air-dried and the pappus was removed, per
field 100 randomly chosen seeds were weighed individually. To examine germination,
seeds were surface sterilized (1 min in 0.1% chloride solution and rinsed) and 25 seeds
were placed on filter paper (9 cm diameter) in a Petri-dish with 2 ml demineralised water.
There were five replicate Petri-dishes for each field. After 16 days at 16 h 21 °C (day) and
8 h 16 °C (night), the number of germinated seeds was determined.

Germination from the soil seed bank was determined for 7 fields (fields 2A, 5B, 12, 13, 17,
22, 25). Soil cores (approximately 50 cores from each field, 3 cm diameter and 7 cm
depth) were collected in January 2008. Field soil from each field separately was
homogenized and sieved (0.5 cm mesh size). Plastic containers of 12.5x 17 x6 cm (I x w
x h) were filled with 750 g irradiated bulk soil, which was collected from field 12 (see
above). This layer of bulk soil was topped-up with 250 g (both based on dry weight) field
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soil. There were five replicate containers for each field. The soil used in each container
corresponded with approximately 35 cm? of field surface (one core equals 7.1 cm?and 51
g of dry weight soil). The containers were placed in a greenhouse at 70% RH and kept at
17% moisture content. Emerged seedlings were removed every four weeks for a total
period of 6 months and the number of J. wvu/garis seedlings was recorded. After the first 3
months, the containers were placed at 4 °C for a period of three weeks to break dormancy
of the remaining seeds, and then returned to the greenhouse. For each container, the
cumulative number of J. wulgaris seedlings was calculated and converted to number of
individuals per m?.

Data analyses
All data were analysed using univariate (GenStat 12; Payne ef a/ 2008) or multivariate
statistics (CANOCO 4.55; Ter Braak and Smilauer 2002).

Univariate analyses: Field, bioassay and plant characteristics and results from the feedback
experiment were analysed using analysis of variance (ANOVA), with field identity as a fixed
factor. Individual comparisons were based on a Tukey HSD post-hoc test. Before
conducting ANOVA, data were checked for homogeneity of variances using Cochran’s,
Hartley’s and Bartlett tests (P > 0.01) and for normality by inspection of the normal-
probability plot. To fulfill requirements of normality, soil nutrients (P and Mineral-N) and
biomass of individual J. vu/garis plants in the field were log-transformed, count data were
square root-transformed and percentage data were arcsin-transformed prior to statistical
analyses. Percentage germination, J. vul/garis cover, and seed weight were analysed using
a non-parametric Kruskal-Wallis test.

Linear relationships between measurements in each field and field age were analysed
using linear mixed models (REML). Regressions were based on all measurements per field,
but with field identity as random factor and field age as a continuous factor. Non-linear
relationships, i.e. the relationship between time since abandonment and J. vulgaris cover
in chronosequence fields and in the experimental fields were described by fitting a log-
normal curve.

Multivariate analyses: Plant and fungal community compositions in the ten fields were
analysed using multivariate statistics. Detrended correspondence analysis (DCA) was used
to determine whether linear (principle component analysis (PCA) and redundancy analysis
(RDA)) or unimodal (correspondence analysis (CA) and co-correspondence analysis (CCA))
analyses were most appropriate; linear analyses were chosen when the longest gradient
was < 3 (Lep$ and Smilauer 2003). Direct analyses were conducted with replicates within
each field (e.g. quadrats, plant) as split-plots within each whole plot (field). Whole plots
were permuted freely and split-plots were not permuted. Significances in multivariate
analyses were inferred by Monte Carlo permutation tests (999 permutations). The
presence/absence data of the soil fungal banding profiles were analysed using unimodal
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multivariate analyses (CA, CCA). DCA was used to analyse plant community cover data
(log (n+1) transformed) of the fields, rare species that were present in less than 3
quadrats were excluded from these analyses.

Results

J. vulgaris population dynamics

J. vulgaris cover at both the long-term experimental field and the chronosequence showed
a hump-shaped temporal pattern and cover peaked at about 5 years after initial
colonization or abandonment (Fig. 2.1A+B). Both, the temporal cover of J. vulgaris in the
experimental field site and J. vuigaris cover in the chronosequence fields followed a log-
normal pattern (P < 0.001, R* = 0.48, and P < 0.001, R? = 0.88, respectively).
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Fig. 2.1 Jacobaea wulgaris population
characteristics in a long-term experimental
field site and in old-fields taken out of
production between two and 25 years ago.
Mean ( SE) (A) Jacobaea vulgaris cover in
the experimental field site; and (B) in fields
of the chronosequence, and (C) number of
J.  wulgaris plants per m? in the
chronosequence. The line represents the
estimated relationship based on a log-
normal fit.
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Field soil feedback response

In the conditioning phase of the bioassay feedback experiment, aboveground biomass was
on average 20% lower in soils with live field inoculum than in the sterilized control (Fig.
2.2). The fields differed significantly in their magnitude of growth reduction (Fg 49 = 7.42, P
< 0.001). Biomass reduction did neither correlate with field age (F;s= 0.02, 2= 0.88) nor
with J. vulgaris cover in the fields (Fis = 0.27, P = 0.61). However, there was a positive
relationship between the number of J. wufgaris plants in the field and the biomass
reduction (relative to control soil) in soil of that field, when we excluded field 13 which had
a different history (F;;= 5.45, P = 0.05, R?= 0.44; Fig. 2.3A). In the feedback phase, in
contrast to the conditioning phase, no difference in biomass reduction between the fields
was observed (Fg49 = 1.94, P = 0.08; Fig. 2.2). However, aboveground biomass
production was on average 70% lower in the conditioned soils than in the sterilized control
(Fig. 2.2). Again, there was no correlation with field age or J. vulgaris cover in the field
(Fi8= 1.26, P = 0.29; F1 3= 2.71, P = 0.14, respectively). However, there was a negative
relationship between growth reduction in the feedback experiment and rosette size of the
vegetative plants in the field (Fyg = 5.41, P = 0.04, R*>= 0.40; Fig. 2.3B). This relationship
was stronger when we excluded field 13 (F, ; = 8.60, 2= 0.02, R’>= 0.55).

100

J4; @t

60 -

@bc be
40 4 b
ibc Ebc EEbC E i Eabc
20 4 iab

. t

T T T T T

Biomass reduction (%)
3
o

0 5 10 15 20 25

Time since abandonment (y)
Fig. 2.2 Percentage reduction of aboveground Jacobaea vulgaris biomass production in a bioassay
feedback experiment, relative to biomass produced in sterile control soil. Means (£ SE) are shown for
biomass production in phase 1 (closed circles) and phase 2 (open circles). Different letters indicate
significant differences (P < 0.05) within phase 1, based on a Tukey’s HSD post-hoc test. There were
no significant differences in phase 2. To avoid overlapping data points, fields 2B and 5A are moved
forward by 0.2 year.
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Fig. 2.3 Relationship between (A) the number of Jacobaea vulgaris plants per m? in each field and
aboveground biomass reduction in phase 1 of the feedback experiment (Fy;= 5.45, P = 0.05, R>=
0.44), and (B) relationship between aboveground biomass production in phase 2 of the feedback
experiment and rosette size of vegetative field plants (F;; = 8.60, £ = 0.02, R*= 0.55). The line is the
estimated relationship based on linear regression analysis excluding Field 13 (see results). Values for
Field 13 are presented by open circles.

Table 2.2 Plant and seed characteristics of Jacobaea vulgaris in the chronosequence fields. Means (+
SE) and P-values of ANOVA testing differences between fields are given. Within columns, means
followed by the same letter are not significantly different (P < 0.05) based on a Tukey HSD test.
Outcome and direction of linear mixed model (REML) with time since abandonment (age) as a
continuous factor and field identity as a random factor (df = 8) are also given.

Field code Aboveground Seed weight (mg) Germination (%)  Reproductive
biomass (mg) plant height (cm)
2A 8.8+23ab 0.246 £ 0.01 bc 61.2+52ab 86.6 7.6 cde
2B 6.1+2.2ab 0.283+0.01c 70.4+2.7 ab 100.8+3.2e
5A 3.4+0.7ab 0.226£0.01 b 540+89a 439+19a
5B 195+6.1b 0.196 £ 0.01 ab 68.0+2.5ab 83.7+6.3de
12 7.0+3.1ab 0.249 £ 0.01 bc 60.0+3.1ab 62.8+26b
13 1.7+06a 0.239+£0.01 bc 86.4+1.0b 451+22a
17 9.0+3.5ab 0.242 £ 0.01 bc 62.8+2.6 ab 67.8 £ 4.2 bed
19 12.3+4.8ab 0.210+0.01 ab 51.2+48a 65.6 £ 2.6 bc
22 76+3.2ab 0.178+0.01 a 473+6.4a 64.5+3.2 bc
25 79+3.0ab 0.216 £ 0.01 ab 56.9+2.2ab 64.5+ 2.8 bc
P (fields) 0.02 <0.001 0.002 <0.001
P (REML ~age) 0.91 0.12 0.28 0.35
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Common garden and seed bank experiment
In the common garden experiment, after one growth season the establishment rate of J.
vulgaris varied between fields (Fs 19 = 18.2, £ < 0.001) and was higher in the two younger
fields than in the two older fields (Fig. 2.4A). There was a positive relationship with the
percentage of bare ground at the start of the experiment and J. ww/garis establishment in
each turf (Fy 3 = 10.1, P= 0.05, R? = 0.46).

In the seed bank experiment the average number of emerged J. vulgaris seedlings varied
between 0.8 to 7.2 individuals per container, corresponding to 230 to 2070 seedlings per
m?. Seedling density followed a log-normal pattern (Fig. 2.4B; P < 0.001, R?> = 0.56).
There was a significant relationship between the number of emerged J. vulgaris seedlings
and J. wulgaris field cover (F;5 = 9.02, P= 0.03, RZ= 0.64). However, we did not find a
relationship between the number of emerged seedlings and J. vulgaris density in the field
(F1,5 = 0.89, P=0.39).

Identification of soil biota

The fungal community composition in the rhizosphere, as described by DGGE, could be
significantly explained by field age (CCA: P = 0.04; 14.4%; Fig S2), but not by J. vulgaris
cover (CCA: P = 0.55; Fig. S2.1). The number of DGGE fungal bands in the rhizosphere
soil of the field plants ranged from 4 (field 12 and 25) to 12 (field 2A and 5A).

In the roots of the field plants, more than 85% of all plant-feeding nematodes were
identified as Pratylenchus crenatus. Nematode density decreased significantly with field
age (Fig= 14.2, P = 0.005, R?> = 0.64; Fig. 2.5A). Other plant-feeding nematode species
belonged to the genus Filenchus. Pratylenchus crenatus was also the most abundant plant-
feeding nematode in the bioassay plants and represented more than 75% of all plant-
feeding nematodes. In the bioassay, nematode density differed significantly between fields
(F = 10.2, P< 0.001, Fig. 2.5B), but was not related to field age (P = 0.94, R? = 0.12).

Field and nutrient characteristics

A total of 71 plant species were recorded in the 50 quadrats in the ten fields. Plant
community composition differed between fields and was related to field age (CCA: P =
0.03, 8.5%; Fig. S2.2). Soil nutrients differed between fields (Table 2.1), however, only
available phosphorous decreased significantly over time.

J. vulgaris characteristics

The average number of J. wvuigaris individuals per m? ranged from 0.8 to 37.5 (Fig. 2.1c).
However, these numbers did not correlate with J. vuigaris cover in the field (Fis = 1.73, P
= 0.22, R? = 0.18). Individual plant height varied substantially between fields, and plants
were tallest in the youngest fields (Table 2.2). The average shoot weight of the ten
selected plants was significantly higher in field 5B than in the other fields and significantly
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Fig. 2.4 Mean (% SE) (A) Jacobaea vulgaris seedling establishment in turfs with intact vegetation in a
common garden experiment, and (B) number of J. wulgaris seedlings in seed bank in soil from a
chronosequence of old-fields taken out of production between two and 25 years ago. Within each
panel, different letters indicate significant differences (P < 0.05) based on a Tukey’s HSD post-hoc
test.
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Fig. 2.5 Relationship between time since abandonment and density of Pratylenchus crenatus root-
feeding nematodes per gram root in plants from (A) the field; and (B) the bioassay. Nematode num-
bers were determined in plants originated from, or that were grown in soil from a chronosequence of
old-fields. Means (+ SE) are shown for bioassay plants, different letters indicate significant differences
(P < 0.05) based on a Tukey’s HSD post-hoc test. In (B) plants growing in soil from field 13 had a
much higher nematode density than the other fields. The actual density for this field is presented
between brackets.
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lower in field 13 (Fos = 2.31, P = 0.02, Table 2.2), but did not correlate with field age
(Fi,8= 0.01, P = 0.91) or J. wulgaris cover (Fi,s= 0.01, P = 0.92). Individual seed weight
differed significantly between fields (P < 0.001; Table 2.2) and tended to decline with time
since abandonment, but this was not significant due to the low seed weights in the two
five-year-old fields. Percent germination also differed between fields (P = 0.002; Table
2.2), but did not correlate with field age (F; s = 1.15, = 0.31).

Discussion

J. wvulgaris cover showed a hump-shaped temporal pattern during old-field succession and
cover peaked at about 5 years after lands were abandoned. This pattern was found in the
experimental field and in the chronosequence, and thus validates the use of samples
collected from the chronosequence fields to disentangle the processes behind this
temporal pattern (e.g. Johnson and Miyanishi 2008). The hump-shaped pattern of .
vulgaris cover can be related to a number of processes that could potentially affect the
population dynamics of J. vulgaris during old-field succession: a rapid buildup of a negative
plant-soil feedback, which may interact with other processes, such as the increased
competition with other plant species that suppresses seedling establishment, and
diminished seed performance. We found no indications that seed or nutrient availability
reduced J. vulgaris performance and population dynamics during old-field succession.

The plant-soil feedback experiment revealed a negative effect of the soil community on .
vulgaris performance in all fields. This effect became substantially more negative when the
soil was conditioned first during one growth period by J. wulgaris. As plant-pathogen
relationships may follow a density-dependent response (Augspurger 1983), we expected
growth reduction (due to control by the soil community) in the first phase with field soil to
be strongest in the fields with the highest J. wwigaris cover. For the complete dataset
however, the growth reduction was not related to J. vulgaris cover or density, which was
mostly due to one of the fields (field 13) that responded in an idiosyncratic way. This field
responded not only idiosyncratic in our study, but also in previous work on this
chronosequence (van der Wal et a/. 2009). This field has a typical history that differs from
all other fields in that it has not been used as intensively for agriculture as most other
fields (van der Wal et al 2009). All in all, there is a tendency that high J. vulgaris density
in the field precedes the negative soil feedback-induced decline, but these effects may also
depend on environmental context, as the performance in field 13 suggests. This context
dependency has not been identifies in previous plant-soil feedback studies in old-field
grasslands (Klironomos 2002), tree species in temperate (Packer and Clay 2000) and
tropical forests (Mangan et al 2010), but it did appear in cross-system studies in
temperate forests (Reinhart et a. 2005).
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The growth effects in the feedback phase of the experiment represent the net effects of
pathogens, symbionts and decomposer organisms in the soil that may develop following
plant presence. Thus, our results clearly show that in all fields, even at the youngest
succession stages, some latent net soil pathogen activity is present and that severe net soil
pathogenic activity can develop in a period shorter than a growth season. The results from
the feedback phase suggest that soon after soil has been colonized by J. vulgaris it will
become less suitable for subsequent plant growth of this species. Once the soil of an entire
field has become conditioned, newly establishing plants will become exposed everywhere
to the negative soil feedback, provided that the agents causing the negative feedback
persist for at least some years in the absence of J. vu/igaris. When new individuals have to
establish in conditioned soil this will reduce their performance and the possibilities for
successful establishment.

We did not aim to identify the organisms causing the negative soil feedback, as DGGE only
picks up the most dominant microbial taxa in the rhizosphere samples. Nevertheless, the
composition of the fungal communities in the rhizosphere soils of fields 5B, 12 and 25
differed from the other fields. J. vu/garis biomass production in the conditioning phase was
also poorest in these soils, suggesting that soil fungi may be responsible for plant growth
reduction (Bezemer et al. 2006a). However, the fungal communities of fields 5B, 12 and
25 are also different from each other, indicating that soil fungi are not the only agents
affecting J. vulgaris growth, or that different fungal taxa may do the same job. Also plant-
feeding nematodes can reduce plant performance. In the field the number of plant-feeding
nematodes decreased over time, which is probably a direct result of the cessation of crop
growing (Korthals et a/ 2001). In the bioassay, plant-feeding nematodes were almost
absent in J. wulgaris roots, although diverse nematode communities were found in the soil
of these old-fields (Kardol et a/ 2005). The low nematode abundance in J. vulgaris roots
could be due to the negative effects of pyrrolizidine alkaloids on plant parasitic nematodes
(Thoden et al. 2009ab). A strong negative effect of plant-feeding nematodes on J. vulgaris
performance and establishment is therefore not to be expected, although this needs to be
confirmed in inoculation experiments.

The negative feedback effects may be amplified when later succession plant species
invade, as they will be disproportionally more competitive when their predecessor is
reduced selectively by negative soil feedback (Kardol et a/ 2007). Indeed, the common
garden experiment with intact vegetation turfs, revealed that in older fields soil and
vegetation conditions reduced seedling establishment. After one growth season, seeds of
J. vulgaris had established better in turfs from young than from older fields, and there was
a positive relationship between percentage bare ground in the beginning of the experiment
and J. wu/garis establishment. This shows that besides the effect of the soil, the structure
and openness of the surrounding vegetation are important characteristics that determine
germination and seedling success of J. wulgaris, for example, by influencing light
availability and micro-climate (van der Meijden and van der Waals-Kooi 1979; OIff et al.
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1994). Therefore, the reduced availability of bare ground and the increased competition
with other plants in later stages of old-field succession can change establishment success.
Thus, changes in bare ground availability and competition, together with the developing
negative plant-soil feedback all appear to play an important role in explaining the pattern
of population development of J. wu/garis during old-field succession by changing
establishment success.

The number of emerging J. vulgaris seedlings from the seed bank corresponded with .
vulgaris cover in the fields, but was substantially higher than the number of J. wulgaris
plants recorded in the field. This will be due to ongoing soil disturbance during the seed
bank experiment and absence of aboveground herbivores. However, the relatively high
number of seedlings that emerged from the seed bank suggests that in the field the
availability of viable propagules is not limiting (e.g. Tilman 1997; Ozinga et al. 2005), but
that the absence of disturbances (van der Meijden and van der Waals-Kooi 1979) or the
presence of aboveground herbivores may be more limiting (Wilby and Brown 2001). Thus,
our results suggest that the seed bank follows J. vwigaris plant population dynamics and
that only in the youngest fields, the number of seedlings may be limited by seed
availability. While seed germination and seed weight did not appear to strongly contribute
to the general trend in J. vulgaris population development during old-field succession, seed
weight in both fields where J. vulgaris cover peaked was reduced compared to other fields.
This may reduce plant fitness and the competitive ability of these seedlings (Crawley and
Nachapong 1985), thereby negatively affecting fitness of the next generation. Also,
nutrient availability can influence plant performance and plant community composition
during succession (e.g. Huston 1994). However, in our study nutrient availability was
relatively high in all fields. Therefore, it is unlikely that limited nutrient availability is a
direct cause of decline of J. vulgaris populations.

In conclusion, we show that negative plant-soil feedback effects can be induced in all
stages of a chronosequence representing secondary succession on old-fields. The growth
reduction in soils directly collected from field sites tends to relate positively to the density
of J. wulgaris in the fields. Therefore, negative plant-soil feedback may be an important
factor explaining the hump-shaped population development of J. wuigaris. However,
negative plant-soil feedback is not operating alone. Initially, plant population development
is limited by propagule availability, which is independent of plant-soil feedback. During
later succession stages, the effects of plant-soil feedback may be enforced by competition
from later succession plant species. Thus, the role that plant-soil feedback plays in
determining the dynamics of plant populations along successional gradients needs to be
considered from a community perspective.
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Supporting Information

Appendix S2.1 Supplementary information about DGGE analysis

Fungal community composition in each field was determined using PCR-based denaturing
gradient gel electrophoresis (DGGE; Muyzer et al. 1993) of a sub-sample from the pooled
and homogenized rhizosphere soil of ten J. vulgaris plants. DNA was extracted using the
PowerSoil® DNA Isolation Kit (Mobio, Carlsbad, USA) according to the manufacturer’s
protocol. DNA quantity and quality were assessed using NanoDrop® ND-1000 UV-Vis
spectrophotometer (NanoDrop Technologies, Delaware, USA). The extracted DNA was
amplified using the fungal-specific primers ITS1f and ITS4 (White ef a/ 1990). All
amplification reactions were performed a PTC200 thermal cycler (Bio-Rad Laboratories
B.V., Veenendaal, the Netherlands) in a volume of 25 L and consisted of 15 pmol of each
primer, approximately 50 pg of environmental template DNA, 2 U FastStart High Fidelity
DNA polymerase (Roche, Basel, Switzerland), and the manufacturer's recommended
nucleotide concentrations and buffer conditions. PCR amplification conditions were 5 min at
95 °C, followed by 32 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, and an
extension step of 72 °C for 10 min, followed by 10 °C until further use. PCR product size
and quantity were verified on a 1.5% agarose gel. PCR product (20 yL) was used for
DGGE analyses, which were performed in 6% acrylamide gels with a gradient of 20 — 60%
denaturant (100% denaturant = 7 mol/l urea with 40% formamide) using the DGene
system (Bio-Rad Laboratories B.V., Veenendaal, the Netherlands). Gradient gels were
topped with 10 ml of acrylamide containing no denaturant. Electrophoresis was carried out
at 60 °C for 10 min at 200V, followed by 17 h at 80 V. Gels were stained with ethidium
bromide for 20 min followed by destaining them for 20 min, prior to UV transillumination
and digital photography using the ImaGo system (B & L, Maarssen, the Netherlands).
DGGE banding patterns were analysed using Imagemaster elite v4.20 (Amersham
Pharmacia Biotech, USA) with rolling ball background subtraction, normalization, and band
detection.
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Table S2.1 Characteristics of chronosequence fields

Field properties (name, year of abandonment and location) and plant community characteristics
(diversity and species richness) of the fields in a chronosequence of old fields that were abandoned
two to 25 years ago. Means (+ SE) are shown for diversity and species richness, different letters
indicate significant differences (P < 0.05) based on a Tukey’s HSD post-hoc test.

Field Field name Year of Latitide Longitude Diversity (H’) Species
code (°N) (°E) .

(age) abandonment richness

2A Oud Reemst 2005 52.02 5.48 0.64+0.13a 3.0+£00a
2B Reyerskamp 2005 52.01 5.47 0.93+0.08ab 3.6+x04ab
5A Telefoonweg 2002 52.00 5.45 1.00+£0.19ab 4.4+04b
5B Assel 2002 52.12 5.49 1.21+0.13ab 8.6+0.9cde
12 Mossel 1995 52.03 5.45 1.38+£0.27 b 98+0.7e
13 Plantage W Ill 1994 51.59 5.31 1.35+0.11b 7.6 £0.7 cde
17 Nieuw Reemst 1990 52.04 5.47 1.09+0.08ab 7.0+09cd
19 Wolfhezerveld 1988 51.6 5.47 1.19+0.10ab 6.6+0.7c
22 Mosselse veld 1985 52.04 5.44 1.45+0.13 b 9.4+12de
25 Dennenkamp 1982 52.02 5.48 1.30+£0.09 b 7.4+13cd
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Fig. S2.1 Soil fungal community composition in the chronosequence fields, based on DGGE analyses.
Unconstrained unimodal canonical analysis (CA) of soil fungal community composition in field soil
inoculum from the chronosequence fields based on presence-absence data of DGGE bands. The
different fields are indicated with their abbreviated field name.
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Fig. S2.2. Plant community composition in the chronosequence fields.

Detrended correspondence analysis of mean sample scores (£ SE) of the plant community composi-
tion in 5 quadrats in each field. Species cover data were log (n+1) transformed and amount of ex-
plained variation by the first two DCA axes are given in parentheses. Names of the 15 most contribut-
ing plant species are: Amill = Achillea millefolium, Acap = Agrostis capillaris, Bhor = Bromus hor-
deaceus ssp. Hordeaceus, Ccap = Crepis capillaris, Dglo = Dactylis glomerata, Erep = Elytrigia repens,
Etet = Epilobium tetragonum, Fvul = Filago vulgaris, Hlan = Holcus lanatus, Hper = Hypericum perfo-
ratum, Hrad = Hypochaeris radicata, vul = Jacobaea vulgaris, Lper = Lolium perenne, Plan = Plan-

tago lanceolata and Racel = Rumex acetosella.
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Abstract

Legacy effects of plant influences on abiotic and biotic soil properties can result in priority
effects that influence the structure and composition of plant communities. In order to
better understand the role of these plant-soil interactions, here we expand the concept of
plant-soil feedbacks from a within species approach (intraspecific plant-soil feedback) to a
between species approach (interspecific plant-soil interactions).

In a greenhouse experiment we tested how the early-successional plant Jacobaea vulgaris
affects its own performance and the performance of 30 co-occurring plant species via
changes in abiotic and biotic soil conditions. In addition, we examined the reciprocal effect
of the co-occurring species on J. vulgaris.

Our study had three important results. First, J. vuigaris exhibits strong negative plant-soil
feedback. Second, there were large differences among the co-occurring species in
interspecific plant-soil effects on J. vwigaris growth. Approximately half the species reduced
J. vulgaris performance, whereas the other half had no effect. Third, soil conditioned by J.
vulgaris had a positive or neutral effect on the growth of the co-occurring species.

To test the soil effects of entire plant communities, in ten old-fields that differed in time
since abandonment we recorded the identity of all plants surrounding J. wulgaris
individuals. We calculated the weighted soil effect of this community on J. vuigaris and the
reciprocal effect of J. wulgaris on the community. There was a positive linear relationship
between time since abandonment and the weighted feedback effect of J. vulgaris on the
plant community.

We suggest three mechanisms how the legacy of plant-soil interactions may enhance the
rate of succession through priority effects: early successional plant species exert negative
plant-soil feedback; co-occurring plant species cause negative interspecific plant-soil
effects to the early successional species; and the early successional species have overall
positive interspecific plant-soil effects on the co-occurring plant species.

Synthesis: the performance of an early-successional species can be reduced directly by the
legacy effects of intraspecific plant-soil feedback, as well as indirectly by the legacy effects
of both intra- and interspecific plant-soil interactions. The legacies of these plant soil-
interactions can prioritize transitions of plant species in plant communities.

Key words: Legacy effects, plant-soil feedback, ragwort, secondary succession, Senecio
Jjacobaea, soil community.
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Introduction

The performance of plants can be greatly influenced by interactions with the abiotic and
biotic soil environment (Wardle et a/ 2004). While the importance of abiotic soil conditions
has been relatively well established, the role of soil biota in influencing the population
dynamics and performance of plants has become acknowledged more recently (Reynolds
et al. 2003; Wardle et al. 2004; Kulmatiski et a/. 2008). Plants, in turn, also affect soil biota
and the soil abiotic environment, for example, via living or decaying roots and root
exudates, and these effects can greatly differ among plant species (Bever 1994; Bardgett
et al. 1999; Wardle 2002; Ehrenfeld et al 2005, Kulmatiski ef a/. 2008; Berg and Smalla
2009). The interactions between the soil community and plants of the same species are
called plant-soil feedback (Bever et al 1997). Plant-soil feedback has been recognized
increasingly as an important mechanism by which plants can affect their own performance,
that of other specimens of the same species (Kulmatiski et a/. 2008). Plant-soil feedback
effects, for example, can determine the success of exotic invasive species (Reinhart and
Callaway 2006), or speed up species replacement during old-field succession (Kardol et al.
2006).

In nature, plants typically grow in mixed communities and thus also interact with
individuals from other species. Similar to the plant-soil feedback mechanism described
above, plants can also facilitate (van der Heijden & Horton, 2009; van der Putten 2009) or
inhibit (Bonamoni et al. 2005; Casper & 73 Castelli, 2007) the performance of other
species via their effects on soil biota or on abiotic conditions of the soil. Depending on the
temporal and spatial dimension of these plant-soil interactions, such effects can be termed
‘associative resistance or susceptibility’ when two plants physically grow together (Barbosa
et al. 2009), or ‘priority effects’ (Young et a/ 2001; Grman and Suding 2010) when one
plant follows after the other. Priority effects depend on the strength of plant-soil
interactions and their time of endurance, also called the legacy effects (Kardol et a/. 2007).
Here, we name the effects of one plant species on another plant species through soil
legacies ‘interspecific plant-soil interactions’ in order to distinguish them from the
commonly studied ‘intraspecific plant-soil feedback’ effects.

Recent work by Harrison and Bardgett (2010) has shown that the effects of intraspecific
plant-soil feedback also play an important role in mixed plant communities. In general,
intraspecific plant-soil feedback studies point to negative effects, because antagonistic
interactions in the soil overrule those of mutualists (Bever 2003; Kulmatiski ef a/ 2008). In
mixed plant communities, negative intraspecific effects can play a role in the replacement
of plant species during succession, because they weaken the competitiveness of the plant,
or its offspring (van der Putten 2003). Although less well studied, there is also evidence
pointing to the importance of interspecific plant-soil interactions for plant species
replacement (e.g. Kardol et a/. 2007). However, conclusions about the role of interspecific
plant-soil interactions in the field are typically derived from experiments with soil collected
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from monocultures of plants (e.g. Bezemer et al. 2006b; Peterman et a/. 2008; Markham
et al. 2009). Therefore, the debate is still open whether or not in mixed plant communities
interspecific plant-soil interactions play a significant role and what the strength is of these
interspecific interactions as compared to intraspecific plant-soil feedback (Kulmatiski et al.
2008). Further, if plant-soil feedback plays a role in the replacement of plant species
during succession, such plant-soil interactions should be asymmetric, rather than
symmetric. So far, the symmetry of plant-soil interactions among successional plant
species has received little attention (van der Putten ef a/ 1993).

In the present study, we examine the intra- and interspecific plant-soil interactions of a
plant species that dominates the early stages of secondary succession on old-fields and of
30 co-occurring plant species. We test the hypothesis that the sign and strength of plant-
soil interactions depends on the plant species combination tested and determine how intra
- and interspecific plant-soil interactions may contribute to species replacement during
secondary succession. Moreover, we measured small scale plant co-occurrences in the field
and calculated the weighted plant-soil effect of a community of co-occurring plants. We
also tested whether the strength and direction of the community effect changes during
secondary succession, thus with time since land abandonment. We used a weighted soil
feedback approach, accounting for the possibility that plant species with a higher
percentage cover in the community contribute more to the calculated community plant-soil
effect. The reason is that more abundant plant species are more likely to have a stronger
effect on soil biochemistry, soil biota, or both than plant species with lesser abundance
(Wardle et al. 1998).

Central in this study is the plant (tansy) ragwort, Jacobaea vulgaris ssp. vulgaris (synonym
Senecio jacobaea), which is considered an early successional plant. In old fields that were
used previously for agriculture, after an initial short period of high abundance, the cover of
J. vulgaris typically declines with time since abandonment (Bezemer et a/. 2006a). Because
of its prominent initial abundance, we assumed that J. wulgaris influences the soil
conditions for many later successional plant species. In order to test the strength of these
inter- and intraspecific plant-soil interactions, we conducted a greenhouse experiment. In
this experiment we tested how J. wulgaris affects the performance of other J. wulgaris
plants, as well as of 30 co-occurring plant species via changes in the soil community and
abiotic soil conditions. We performed the experiment reciprocally, by also examining the
plant-soil effect of each of the 30 species on the performance of J. vuigaris.

Based on J. wulgaris dynamics in the field, we expected that the plant-soil interactions
between J. wulgaris and other species may contribute to its decline in abundance.
Therefore, we hypothesized that other plant species would have a negative effect on J.
vulgaris and that this effect is more negative than the effect of J. wulgaris, through
influencing the soil, on the other plant species. In order to test if the plant-soil effect of a
plant species on J. vulgaris and vice versa is related to specific types of plant species, we
included forbs, legumes and grasses. J. vulgaris is considered an early successional plant.
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Material and Methods

Jacobaea vulgaris ssp. vulgaris (synonym Senecio jacobaea L.) is a monocarpic perennial
weed (Asteraceae) that spends its first year as a rosette. Flowering takes place in the
second year, but is often delayed following herbivory (van der Meijden and van der Waals-
Kooi 1979). J. wvulgaris is an early successional plant species native to the Netherlands and
Europe, but invasive on other continents (Wardle ef a/ 1995). In many countries J.
vulgaris is considered a problem weed in natural and agricultural areas (Wardle 1987;
Bezemer et al. 2006a) due to its dominance and because it contains pyrrolizidine alkaloids
(PAs) that are toxic for livestock (Cameron 1935).

Greenhouse experiment

In order to test the soil effect of a range of grassland species on the growth of J. vuigaris
and vice versa, we conducted a greenhouse experiment. We selected 27 species that are
typical for old-fields on sandy soils in the Netherlands and that co-occur with J. vu/garis in
these fields (Table 3.1). Moreover, we included three species that could potentially co-
occur with J. vulgaris, although we did not record these species in our fields. The selected
species include forbs, grasses and legumes, and plant species that are indicative for early,
mid- and later-successional stages (Table 3.1). The experiment consisted of two phases: a
conditioning phase, in which the soil was conditioned by growing species individually in
that soil, and a feedback phase, in which the effect of the conditioned soil on plant
performance was measured. In the conditioning phase all plant species, including J.
vulgaris, were grown in monocultures in soil collected from an old-field in the Netherlands
(see below). In the feedback phase J. wwulgaris was grown in the soils that were
conditioned by these species and in a control soil, which was a mixture of soil conditioned
by all 30 species, so except J. vulgaris (Fig. 3.1A; see below). In the feedback phase, we
also grew each of the grassland species in soil conditioned by J. vu/garis (Fig. 3.1B) and in
the multispecies control soil.

In general, for the experiment ¢. 1000 kg soil was collected (5-20 cm deep) in November
2008 from an old-field that was taken out of agricultural production in 1995 (field 12,
Table S3.1 in Supporting Information). In this field J. wuigaris is present. The collected
field soil was homogenized, and sieved (< 0.5 cm) to remove coarse fragments.
Approximately half the amount of soil was stored at 4 °C, while the other half was
sterilized by gamma irradiation (> 25 KGray gamma irradiation, Isotron, Ede, The
Netherlands). J. vulgaris seeds were collected in 2006 from approximately 30 J. vulgaris
plants in the same field where the soil was collected. Seeds of the 30 other plant species
were obtained from specialized suppliers that provide seeds collected from wild plants
(Cruydt-hoeck, Assen, The Netherlands; Rieger-Hofmann, Blaufelden-Raboldshausen,
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Table 3.1 List of plant species used in feedback experiment, their abbreviation, the functional group of each
species (F = forbs, G = grasses, L = legumes), successional stage of the species, and a measure of presence
around Jacobaea vulgaris or in the old-fields for each species (present around J. vu/garis (++), present in
the fields (+) or not present in the fields (-)).

Abbreviation Func. group Succ. stage Presence

Achillea millefolium AchMil F mid ++
Agrostis capillaris AgrCap G mid ++
Anthoxanthum odoratum AntOdo G mid ++
Briza media BriMed G late -

Bromus hordeaceus BroHor G mid ++
Campanula rotundifolia CamRot F late -

Crepis capillaris CreCap F early ++
Elytrigia repens ElyRep G early ++
Festuca rubra FesRub G mid ++
Holcus lanatus HolLan G mid ++
Hypochaeris radicata HypRad F early ++
Leucanthemum vulgare LeuVul F mid +

Lolium perenne LolPer G early ++
Lotus corniculatus LotCor L mid +

Myosotis arvensis MyoArv F early +

Nardus stricta NarStri G late -

Phleum pratense subsp. pratense PhiPra G mid ++
Plantago lanceolata PlaLan F mid ++
Plantago major subsp. major PlaMaj F mid ++
Rumex acetosa RumAsa F early ++
Rumex acetosella RumAla F early ++
Tanacetum vulgare TanVul F mid +

Taraxacum officinale TarOff F mid ++
Trifolium dubium TriDub L mid ++
Trifolium pratense TriPra L early +

Trifolium repens TriRep L early ++
Tripleurospermum maritimum TripMar F mid ++
Vicia cracca VicCra L early ++
Vicia hirsuta VicHir L mid ++
Vicia sativa subsp. nigra VicSat L early ++
Jacobaea vulgaris JacVul F early ++
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Fig. 3.1 Schematic overview of the greenhouse experiment. Part A shows the set-up to test the
effect of soil conditioning by the 30 species and Jacobaea vulgaris on J. vulgark. Part B shows the
set-up to test the effect of soil conditioning by J. vulgaris on the 30 species and on J. vulgaris. For
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Germany). All seeds were surface sterilized (1 min in 0.1% chloride solution), rinsed and
germinated on glass beads.

In total, the conditioning phase comprised 155 pots with monocultures of each of the 30
species and J. wvulgaris (31 species x 5 replicate pots), and 155 pots with monocultures of
J. vulgaris to be used in the feedback phase. One-week-old seedlings were placed at 4 °C
until transplanting to ensure that all species were of comparable size at the start of the
experiment. Pots (1 L each) were filled with 1 kg field soil (based on dry weight) and left
for two weeks to enable seedlings to emerge from the seed bank. These seedlings were
removed. Hereafter, five one-week-old seedlings were transplanted in monocultures in
each pot. Seedlings that died during the first week of the experiment were replaced. The
pots were placed randomly in a greenhouse at 70% RH, at 16 h 21 °C (day) and 8 h 16 °C
(night). Natural day light was supplemented by metal halide lamps (225 pmol s m?
photosynthetically active radiation, 1 lamp per 1.5 m?). The pots were watered every other
day and initial soil moisture level (17% at soil dry weight basis) was re-set twice a week by
weighing. After eight weeks, all aboveground biomass was harvested, oven-dried (70 °C
for three days) and weighed. The soil in these pots was used as substrate in the feedback
phase.

In order to carry out the feedback phase of the experiment, at the end of the conditioning
phase, the soil in each pot was homogenized and the largest roots were removed as they
may act as a source for re-growing plants. All the finer roots were left in the soil as their
rhizosphere can be a major source of inoculum for the microbial rhizosphere community,
ensuring that the soil of each pot was kept separately. To avoid nutrient deficiency and to
obtain ample soil, each 1 L pot was filled with a mixture of 0.5 kg (dry weight) of
conditioned soil mixed with 0.5 kg (dry weight) irradiated bulk soil. In each pot five one-
week-old seedlings were transplanted and seedlings that died during the first week of the
experiment were replaced. In addition, one part (0.5 kg dry weight) of the conditioned soil
of each pot in the conditioning phase was used to make control soil. The control soil
consisted of a mixture of soil of all 30 species, excluding soil conditioned by J. vuigaris. In
order to prepare the control soil mixtures, equal amounts of soil conditioned by the 30
plant species were homogenized (Fig. 3.1A). To examine the response of the 30 species
on J. vulgaris soil we made five J. vulgaris soil mixtures. Each mixture was made from the
soil of 50 pots (Fig. 3.1B). The J. wwligaris and control mixtures were also mixed in a 1:1
ratio with irradiated bulk soil.

During the feedback phase there were 470 pots in total ; 310 for the effects of J. vuigaris
on all 31 species (31 species x 5 replicate J. wulgaris soil mixtures + 31 species x 5
replicate control soils), and 160 for the effects of all 31 species on subsequent J. vuigaris
growth (soil conditioned by 31 species x 5 replicate soils + 5 control soils). All pots in the
feedback phase were kept under the same growth conditions as described for the
conditioning phase. Eight weeks after transplanting, for each pot, all aboveground biomass
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was harvested, oven-dried (70 °C for three days) and weighed. Roots were rinsed, oven-
dried (70 °C for three days) and weighed.

The plant-soil effect of soil conditioning by a species on J. wulgaris performance was
calculated as the natural logarithm of J. wvulgaris biomass on soil conditioned by that
species minus the natural logarithm of the average J. vu/garis biomass on control soil. The
effect of soil conditioned by J. wwigaris on the biomass production of a species was
calculated as the natural logarithm of biomass of that species on soil conditioned by J.
vulgaris minus the natural logarithm of the average biomass of that species on control soil.
These calculations are symmetrical around the no-effect point, which means that the effect
sizes of positive and negative values are fully comparable (Petermann et a/ 2008;
Brinkman et a/. 2010).

Field observations and community plant-soil effects

To investigate how the plant-soil effect of a plant community relates to J. wulgaris
performance in the field, we selected ten old-fields in a central part of the Netherlands that
were abandoned between 2 and 25 years ago (Table S3.1). In July 2007, in each field the
J. vulgaris cover per m? was estimated at ten locations that were 25 m apart. At each of
those 10 locations, we then selected the nearest flowering J. vwigaris individual in each
field. In a 10 cm radius around each of these J. wuligaris plants, the estimated percent
cover was recorded for all species, including other J. vulgaris individuals. Aboveground
material of the ten focal J. vulgaris plants in each field was harvested, oven-dried (70 °C
for three days) and weighed.

For each focal J. wulgaris plant the weighted plant-soil effect of the surrounding plant
community on the J. wulgaris plant was then calculated as the proportional cover of
species /7 surrounding the J. vu/garis plant multiplied by its plant-soil effect on J. vulgaris
(based on the greenhouse experiment), summed over all species in the surrounding plant
community. In order to assess how the surrounding community is affected by soil
conditioning by J. wvulgaris, we also calculated the weighted plant-soil effect of J. vulgaris
on the surrounding community. This was calculated as the proportional cover of a species
surrounding the J. wwuigaris individual multiplied by the soil effect of J wwigaris on this
species (based on the greenhouse experiment), summed for the entire surrounding
community. We then analyzed whether the calculated weighted community plant-soil
effects were related to time since abandonment, or plant size of the focal J. vulgaris plant.
For 17 J. vulgaris plants (out of a total of 100 plants) that occurred in six fields, less than
75% cover of the surrounding plant community was made up by species tested in the
greenhouse experiment. These plants were excluded from further analyses. The number of
replicates per field varied between 5 and 10 (Table S3.1).
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Statistical analyses

The difference in plant-soil interactions between species was analysed using analysis of
variance (ANOVA, Genstat 12; Payne ef a/. 2008). Individual comparisons between species
were based on least significant differences (I.s.d.; P < 0.05). Before conducting ANOVA,
data were checked for homogeneity of variances and for normality by inspection of the
normal-probability plot. For each individual species we also tested whether the plant-soil
effect differed from zero using a one-sample T-test. ANOVA was also used to compare
differences in plant-soil effects on J. wwuigaris between functional groups (forbs, grasses
and legumes). To test whether the feedback responses differed between successional
stages of the species we used a nonparametric Kruskal-Wallis test, as requirements of
ANOVA were still not met for these parameters after transformation. To test for symmetry
in plant-soil interactions between species during succession, the relationship between the
response of the 30 species on soil conditioning by J. vuigaris and the effect of each of the
species on J. vulgaris growth were analysed using linear regression. For the field data, the
relationship between the weighted plant-soil effect and the biomass of the focal J. vuigaris
or with field age were analysed using linear mixed models (REML), using data from all
focal plants, but with field identity as random factor and field age or plant size as
continuous factors.

Differences in the composition of the plant communities surrounding the ten J. wuigaris
plants between fields were tested using multivariate correspondence analysis (CA,
CANOCO 4.55; Ter Braak and Smilauer 2002) and co-correspondence analysis (CCA).
Detrended correspondence analysis (DCA) indicated that unimodal analyses were most
appropriate; the longest gradient was > 3 (Leps and Smilauer 2003). Direct analyses were
conducted with replicates within each field (i.e. plant communities surrounding the ten J.
vulgaris plants per field) as split-plots nested within each whole plot (field). Whole plots
were permuted freely and split-plots were not permuted. Significances in multivariate
analyses were inferred by Monte Carlo permutation tests (999 permutations). Plant
community cover data was log-transformed prior to analyses. Species that were recorded
on less than 3 occasions were excluded from these analyses.

Results

Plant-soil effects on J. vulgaris

We observed a strong negative intraspecific plant-soil feedback effect (Fig. 3.2A). Soil
conditioning by J. vuigaris reduced J. vulgaris biomass by 37% as compared to J. vulgaris
biomass production in the control soil (Fig. S3.1A). When effects of J. wuigaris on itself
were excluded, interspecific plant-soil effects reduced J. vwigaris biomass production by on
average 10% relative to control soil. The plant-soil effects of the individual species on J.
vulgaris differed significantly among species (all species including J. wvulgaris. Fig 153 =
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4.98, P < 0.001; excluding J. vulgaris: Fx 148 = 4.73, P < 0.001; Fig. 3.2A). Significant
negative effects were found for soil conditioned by thirteen species. J. vulgaris produced
significantly more biomass in soil conditioned by M. arvensis, while soil from seventeen
other species did not significantly influence biomass production of J. vu/garis compared to
the control soil (Fig. 3.2A). The soil effect on J. vulgaris did not differ among forbs, grasses
and legumes (F,2; = 0.50, £ = 0.61) nor between successional stages (H = 0.71, P =
0.70).

Plant-soil effects of J. vulgaris

Soil conditioned by J. wuigaris significantly enhanced the biomass of five species (A.
capillaris, B. hordeaceus, H. radicata, P. pratense and P. lanceolata). The only significant
negative effect we observed was the effect of J. vulgaris on itself (Fig. 3.2B). On average,
soil conditioning by J. wulgaris increased biomass production of the 30 other species by
9%, as compared to biomass production in control soil (Fig. S3.1B). The effect of J
vulgaris on the other 30 species via soil conditioning did not differ among species (Fzg,147 =
1.14, P = 0.30), or between grasses, forbs or legumes (F,,; = 1.39, P = 0.27) or
successional stages (H = 3.52, P = 0.17). There was no significant relationship between
the effects of the 30 species on J. vulgaris and the reciprocal response of the 30 species to
conditioning by J. wulgaris (F1 s = 2.59, P = 0.12). The majority of species were situated
below the 1:1-line and thus had a stronger negative effect on J wu/garis than the
reciprocal effect of J. vulgaris on the other species (Fig. S3.2). Thus, interspecific plant-soil
interactions were asymmetric and were most negative towards J. vu/garis.

Field

The composition of the plants surrounding the individual J. vulgaris plants differed
significantly among fields (CCA: F = 5.12, P = 0.04; Fig. S3.3). The variation in plant
community composition was significantly explained by time since abandonment (CCA: F =
6.39, P = 0.002). Although the composition of the plant communities surrounding J.
vulgaris changed with time since land abandonment, there was no relationship between
the weighted plant-soil effect of the surrounding plant community on J. vulgaris and time
since abandonment (F;s = 0.62, P = 0.45; Fig. 3.3). Moreover, there was no significant
relationship between the weighted effect of the community and aboveground biomass of
the focal J. wulgaris plants (Fis = 0.17, P= 0.67). On the other hand, the weighted plant-
soil effect of J. wwlgaris on the surrounding plant community changed from negative/
neutral in early successional fields to positive in later successional ones, and increased
significantly with time since abandonment (F; g = 12.47, P= 0.008, R*> = 0.62; Fig. 3.3).

69



CHAPTER 3

0.2

0.1 1

0.0 +—

-0.1 4

Weighted community effect

-0.2 4

03 0.2) (3|5) ; (10)(16) ; 6 (©) (6) [©)
0 5 10 15 20 25

Time since abandonment (y)

Fig. 3.3 Mean weighted plant-soil effect (£ SE) of the plants surrounding Jacobaea vulgaris
individuals in the field on J. vuigaris (closed symbols), in fields that differ in time since abandonment,
and the weighted plant-soil effect of J. vulgaris on the surrounding plants (open symbols). The line is
the estimated linear relationship between time since abandonment and the effect of J. vu/garis on the
plant community (F g= 12.47, P= 0.008, R?> = 0.62). The average J. vulgaris cover (%) in the fields is
presented between brackets.

Discussion

Our study on the importance of intra- and interspecific plant-soil effects of J. wulgaris
revealed three important points. First, there were large differences in the effects of the
tested plant species on J. wulgaris biomass production. Approximately half the species
reduced J. wulgaris performance, whereas the other half had no effect, while only one
species had a positive effect on J. wuigaris. Second, soil conditioned by J. wvuigaris had a
neutral or positive effect on other species; no significant negative interspecific soil effects
of J. wulgaris were recorded. Third, J. wvulgaris exhibits a strong negative intraspecific
feedback effect. Such a negative intraspecific plant-soil feedback is common for grassland
species that typically peak during early secondary succession following land abandonment
(Kardol et al 2006). However, thus far little information existed on the importance of
interspecific plant-soil effects of individual species. In line with recent studies on priority
effects (Grman and Suding 2009) our study shows that plants, via the legacy effects on
the abiotic and, especially, the biotic component of the soil, can facilitate and inhibit the
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growth of other plants. This can affect the rate and direction of succession. Specifically, we
suggest three mechanisms how the legacy of plant-soil interactions may enhance the rate
of early secondary succession through priority effects: (1) negative intraspecific plant-soil
feedback by the early successional species, (2) negative interspecific plant-soil effects by
co-occurring plant species on the early successional J. vulgaris, and (3) overall positive
interspecific plant-soil effects by J. vulgaris on co-occurring plant species. All these effects
may influence plant performance directly by reducing growth, or indirectly through altering
the outcome of plant competition.

Positive plant-soil effects of early successional species on other plant species may reduce
the competitive ability of the early successional species, for example, via increased
asymmetry in competition for resources (Weiner 1990). Differences between species in
their responses to soil conditioning by the early successional species can further drive
changes in the composition of the plant community and may replace early successional
species by later-successional ones (Kardol et a/ 2006). The soil effect of J. vulgaris on
other species and vice versa was asymmetric; the majority of the tested plant species had
a stronger (negative) soil effect on J. vulgaris than its effect on these plant species. These
results indicate that interspecific plant-soil interactions indeed can play a role in the
successional replacement of J. vuigaris by other species via priority effects: J. vu/garis can
better precede than succeed the other plant species. This shows that the soil-borne
contribution to secondary succession in old-fields may have conceptual similarity with that
in primary succession in coastal foredunes (van der Putten et a/ 1993). It is important to
note that during succession following land abandonment, not only plant community
composition changes, but also that soil abiotic conditions change considerably (van der
Wal et al 2006). Other studies have shown that plant-soil feedback can vary greatly
between different parent soils (Bezemer et a/. 2006b; Joosten et a/. 2009; Vandegehuchte
et al. 2010). We did not test to what extent the observed plant-soil effects can be sensitive
to changes in abiotic soil conditions. However, there was no relationship between the
abundance of J. vulgaris in each of ten fields and the nutrient availability or soil chemistry
of that field (TFJ van de Voorde, unpublished data). Thus, other factors, including
interactions between plants and soil biota, appear to play an important role in the
temporal changes in J. vulgaris abundance.

Besides individual plant-soil interactions, we also studied the combined plant-soil
interactions in mixed plant communities and how this can affect subsequent plant
community dynamics. Therefore, we calculated a ‘weighted’ plant-soil effect of the
communities directly surrounding J. vu/garis plants based on the soil effects of individual
plant species multiplied by their contribution to vegetation cover. Our calculation showed
that with increasing successional time, the effect of J wulgaris via the soil on the
surrounding plant community shifted from no effect towards a positive effect. This could
occur when, with increasing time since abandonment, species that are better able to cope
with soil conditioned by J. vuigaris start to appear in the community, or when species that
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are already present in the plant community and that can grow well in soil conditioned by J.
vulgaris become more abundant. The negative effect of J. wuigaris on the surrounding
plant community immediately following abandonment suggests that the abundance of this
species should initially increase during succession, and this is indeed the case (Bezemer et
al. 2006a; van de Voorde et al 2010; Fig 3.3). Clearly this initial increase cannot be
explained by the strong negative intraspecific feedback that we found in the current study.
Therefore, we suggest that early during succession other processes, such as dispersal and
establishment, are more important than plant-soil interactions.

The strong intraspecific plant-soil feedback effect of J. vulgaris can be due to changes in
soil chemistry or other abiotic effects, or due to changes in the composition or abundance
of soil biota. For example, tissue extracts of J. wulgaris have been reported to be
phytotoxic (Ahmed and Wardle 1994). Therefore, the negative effect of J. vwigaris on itself
could have been caused by autotoxicity. However, such phytochemical effects are
generally not very species-specific and in our study we did not observe significant negative
plant-soil effects of J. wwuigaris on any of the other species. Rather, as the other plants
grew generally better in soil conditioned by J. vulgaris than in a mixture consisting of soil
conditioned by all other species, our results provide no support for interspecific phytotoxic
effects. Pyrrolizidine alkaloids (PAs), the group of phytochemicals that is best studied in J.
vulgaris, can also affect plant growth indirectly by affecting soil organisms, such as fungi,
bacteria and plant parasitic nematodes (Hol and van Veen 2002; Kowalchuk et a/ 2006;
Thoden et al. 2009b). In addition, Hol and van Veen (2002) showed that PAs extracted
from J. wulgaris roots stimulate fungi specific to J. wvu/garis roots, whereas PAs inhibit
generalistic pathogenic soil fungi. This provides support for the hypothesis that the strong
negative feedback response of J. wulgaris is due to the accumulation of host-specific
pathogens adapted to the high PA levels. Moreover, it suggests that other plant species
benefit from growing in soil conditioned by J. vulgaris, because their specific pathogens do
not survive the high PA conditions of the soil.

There is an ongoing discussion about the question whether the composition of the plant
community or its diversity determine the composition of the soil community (Bardgett and
Wardle 2010). Although some studies suggest that the diversity of the plant community is
an important determinant, other studies have shown that the presence of specific plant
species is more important in determining the soil community than plant diversity per se
(De Deyn et al 2004; Wardle et al 2006; Viketoft et al. 2009; Ladygina and Hedlund
2010). A few years after cessation of agriculture, J. vulgaris typically becomes locally very
abundant and is the most dominant plant species in old-field plant communities in The
Netherlands (Bezemer et al. 2006a; van de Voorde et a/. 2010). High abundance usually
implies that such a species contributes substantially to ecosystem processes (Grime 1998).
Our work on plant-soil feedback and interspecific plant-soil interactions shows that J.
vulgaris with its characteristic boom-bust pattern of population development during early
secondary succession may as well be a keystone species in shaping plant community
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composition via changes in soil properties from which other plant species can benefit. Via
these soil effects, J. vulgaris can potentially influence the successional replacement of itself
by other species. More general, these interspecific interactions can have important
consequences for restoration ecology through soil legacy and priority effects (Hausmann
and Hawkes 2010; Grman and Suding 2010).

Kardol et al. (2006) found negative plant-soil feedback in communities of early
successional species, neutral for mid-successional and positive feedback for communities
of late-successional species. We expected similar results for interspecific plant-soil
interactions between individual plant species, so that early successional species would
have a negative effect on the early successional J. vuligaris, and vice versa. However, we
found no relationship between the successional stage of the investigated plant species and
its effect on J. wwligaris, or vice versa. Also, we found no differences between grasses,
forbs and legumes, in their effect on J. vuigaris performance, or vice versa. In addition we
found large differences within genera, for example, between the species of the genus
Trifolium. These results together indicate that the direction and strength of interspecific
plant-soil interactions is species-specific, rather than that it is related to genus or type of
plant species.

We conclude that the performance of an early successional species can be reduced by
legacy effects that may act directly through intraspecific plant-soil feedback when reducing
plant growth and indirectly by intra- and interspecific plant-soil interactions when reducing
plant competitiveness. These legacy effects of plant-soil interactions can play a role in
prioritizing transitions of plant species in plant communities. We suggest three
mechanisms: (1) negative intraspecific plant-soil feedback of early successional species
enhance the rate of succession, because of directly reducing its own performance and that
of its offspring, thereby indirectly enhancing competitiveness of other early successional
plant species; (2) overall positive interspecific plant-soil effects of the early successional
species on the co-occurring plant species may enhance the rate of succession by
promoting the performance of the co-occurring species, and (3) negative interspecific plant
-soil effects of co-occurring plant species on the early successional species indirectly
enhance the performance of the other species.
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Supporting Information

Table S3.1 Field properties (name, year of abandonment and location) of the ten old-fields, and the
number of replicates that were used to calculate the weighted plant-soil feedback of the plants
surrounding a focal Jacobaea vulgaris plant.

Field code Field name Year of Latitude  Longitude Number of
(age) abandonment °N) (°E) replicates
2A Oud Reemst 2005 52.02 5.48 6

2B Reyerskamp 2005 52.01 5.47 5

5A Telefoonweg 2002 52.00 5.45 10

5B Assel 2002 52.12 5.49 6

12 Mossel 1995 52.03 5.45 9

13 Plantage Willem lll 1994 51.59 5.31 8

17 Nieuw Reemst 1990 52.04 5.47 10

19 Wolfhezerveld 1988 51.60 5.47 10

22 Mosselse veld 1985 52.04 5.44 9

25 Dennenkamp 1982 52.02 5.48 10
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Fig. $3.1 Total plant biomass (g pot™) of (a) Jacobaea vulgaris in soil conditioned by the 31 species
and in the multispecies composite (control) soil, and (b) biomass of the 31 species in soil conditioned
by J. vulgaris (grey bars) and in the multispecies composite (control) soil (white bars). Mean (£ SE)
total biomass per species is shown. Differences in biomass of individual species can be compared by
the least significant difference (l.s.d., P < 0.05). Species abbreviations are given in Table 3.1.
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of equal feedback strength. Species abbreviations are given in Table 3.1.
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Fig. S3.3 Multivariate analyses of the plant community composition around Jacobaea vulgaris plants
in ten old-fields

Correspondence analysis (CA) of mean sample scores (+ SE) of the plant community composition in
an area with 10 cm diameter around 10 J. wuigaris plants in each field. Species cover data were log
(n+1) transformed and amount of explained variation by the first two CA axes are given in
parentheses. Species scores of the 14 plant species with the highest scores present in the plant
communities surrounding the J. vulgaris individuals in the ten fields are given. Full names of the plant
species are: AchMil = Achillea millefolium, CirVul = Cirsium vulgare, ElyRep = Elytrigia repens, EpiTet
= Epilobium tetragonum, HieAur = Hieracium aurantiacum, HolLan = Holcus /anatus, HypRad =
Hypochaeris radicata, JacVul = Jacobaea vulgaris, LolPer = Lolium perenne, OrnPer = Ornithopus
perpusillus, PlaLan = Plantago lanceolata, Senlna = Senecio inaequidens, TriArv = Trifolium arvense,
and VioArv = Viola arvensis.
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Sieving out negative soil effects: Inoculation method determines soil
feedback strength in Jacobaea vulgaris

Tess F. J. van de Voorde; Wim H. van der Putten; T. Martijn Bezemer

Submitted

79



CHAPTER 4

80



SIEVING OUT THE SOIL EFFECT

Abstract

There is increasing evidence that feedback interactions between plants and biotic
components of the soil influence plant productivity and plant community composition.
Many plant-soil feedback experiments start from inoculating relatively small amounts of
live soil to sterilized soil. These soil inocula may include a variety of size classes of soil
biota, each having a different role in the observed soil feedback effects. In order to
examine what may be the effect of various size classes of soil biota we compared
inoculation with live soil sieved through a 1 mm mesh, a soil suspension also sieved
through a 1 mm mesh, and a microbial suspension sieved through a 20 pm mesh. We
tested these effects for different populations of the same plant species and for different
soil origins.

Biomass was greatest in pots inoculated with the microbial suspension and smallest in pots
inoculated with sieved soil, both in the first and second growth phase, and there was no
significant population or soil origin effect. Plant-feeding nematodes were almost exclusively
found in the sieved soil treatment. By sieving the soil to obtain a microbial suspension we
reduced the strength of the negative soil effect in both the first and second growth phase.
We also show that the results obtained with inoculating sieved soil or with a soil
suspension are not comparable. In conclusion, when designing plant-soil feedback
experiments, it is crucial to consider that soil inoculum preparation can strongly influence
the observed effect.

Key words: ragwort, soil community, intraspecific variation

Introduction

Plants influence the community composition of soil organisms around their roots, which, in
turn, influence the plant’s performance, either directly through antagonistic or mutualistic
effects, or through their effects on nutrient availability. This process is called plant-soil
feedback (Bever et al 1997) and is considered a key process that connects belowground
and aboveground compartments in terrestrial ecosystems (Bardgett and Wardle 2010).
Despite the importance of plant-soil feedback, it remains difficult to disentangle the various
roles soil biota play in this feedback process. Plant-soil feedbacks can be caused by soil
micro-organisms, such as bacteria and mycorrhizal or pathogenic fungi (Packer and Clay
2000; Klironomos 2002; Kardol et al/ 2007), but also by larger soil fauna, such as
nematodes, protozoa, or collembolans (Bradford et al 2002; De Deyn et al 2003;
Bonkowski et a/. 2009). Therefore, the effects of soil organisms on plant performance may
depend on the size class of the organisms involved (Bradford et a/ 2002), and on the co-
occurrence with other groups of soil organisms (Ladygina et a/. 2010).
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Experiments that study plant-soil feedback can be set up in a variety of ways, depending
on the research question, or on the type of soil studied. Frequently, in order to avoid the
confounding effect of nutrient availability, sterilized (field) soil is inoculated with a live field
soil inoculum or with an aqueous suspension of the field soil (e.g. Troelstra et al. 2001;
Klironomos 2002; Callaway et al. 2004; Bezemer et al. 2006a,b; Kardol et al. 2006; 2007;
Brinkman et al 2010). Clearly, the experimental method that is used can affect the
abundance and size classes of the organisms that will be inoculated. Kardol ef a/ (2007)
showed that adding live soil or an aqueous suspension of the live soil resulted in a
qualitatively similar soil effect on plant growth, but they did not compare effect sizes. As
hardly any study has compared various soil inoculation methods within a single study, it
remains largely unclear whether and how the method of inoculation influences plant-soil
feedback results.

Plant-soil feedback effects might also depend on the abiotic conditions of the soil (Bezemer
et al. 2006b; Casper et al. 2008; Manning et a/ 2008; Joosten et al. 2009; Harrison and
Bardgett 2010). For example, abiotic soil conditions can change the chemical composition
of Jacobaea vulgaris plants (Hol et a/. 2003; Joosten et al 2009), which can subsequently
influence soil fungal growth rate and soil fungal community composition (Hol et a/. 2002;
Kowalchuk et a/ 2006). In addition, co-occurring plant species can change the abiotic and
biotic conditions in the soil, which can then feed back to the focal plant (Aerts and Chapin
2000; Klironomos 2003). Therefore, besides being influenced by the type of soil biota
present, plant-soil feedback effects can also differ among soil origins.

While most studies have considered feedback effects of a single plant species or compared
responses among plant species, plant responses to soil conditions can also vary between
genotypes or varieties of the same species. There is ample evidence that microbial
community composition and root herbivore performance varies among genotypes or
cultivars of the host plant (Kowalchuk et al. 2006; Schweitzer et al. 2008; Crutsinger et al.
2008; Johnson et al. 2010; Vandegehuchte ef a/. 2010b) and that plant genotypes differ in
their effects on belowground processes, such as decomposition (Schweitzer et a/ 2004).
However, whether plant genotypes differ in their response to soil biota has been less well
studied. Recently, Vandegehuchte et a/. (2010a) showed that genotypes of the dune grass
Ammophila arenaria indeed respond differently to inoculation of soil with soil biota.
Moreover, other studies have shown that arbuscular mycorrhizal fungi differentially affect
the performance of plant genotypes of the plant A/llium vineale (Ronsheim and Anderson
2001) or Ruellia nudiflora (Ramos-Zapata et al. 2010).

In the present study, we examine how the method of inoculum preparation influences soil
effects on the ruderal plant Jacobaea vulgaris. We study these effects using seeds and
soils originating from two different fields, to examine intraspecific plant variation and the
influence of soil conditions. In a greenhouse experiment we inoculated sterilized soil with
live soil that was sieved through a 1 mm mesh, with an aqueous soil suspension also
sieved through a 1mm mesh, or with an aqueous microbial suspension, sieved through a
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20 pm mesh. We hypothesized that inoculation with the sieved soil and the soil suspension
will have the same effect on plant performance, as they contain soil organisms of the same
size fraction. In addition, we questioned whether the microbial suspension would have a
less or, instead, a stronger negative effect on plant performance, as this suspension only
contains bacteria and fungi, and not the larger organisms, among which plant-feeding
nematodes and arbuscular mycorrhizal fungi.

Material and Methods

We performed our study using the plant (tansy) ragwort, Jacobaea vulgaris ssp. vulgaris
(synonym Senecio jacobaea L.). J. vulgaris is an early-successional plant species native to
the Europe, but invasive on other continents. In many countries J. vulgarisis considered a
problem weed in pastures, agricultural and natural areas (Bezemer et a/. 2006a). This is
mainly due to its high abundance and because it contains PAs that are toxic for livestock
(Cameron 1935). We selected this species because it is strongly affected by plant-soil
interactions (Bezemer et al 2006a; Joosten et al/ 2009). It is also one of the most
abundant early secondary successional plant species in the study area in the Netherlands
(Bezemer et al. 2006a).

Plant and seed characteristics

In July 2007, at each field an imaginary W-shaped transect was laid out in a plot of 50 x
150 m. At the five outer ends of the W-shape J. vulgaris cover was recorded in 1 x 1 m
quadrats. In a 3 x 3 m area located in the middle of each field, the flowering height of
each J. vulgaris plant was recorded.

In November 2007, J. wulgaris seeds were collected from fields A and B from
approximately 100 J. wvulgaris plants. The seeds were surface sterilized during 1 min in
0.1% chloride solution, rinsed, and germinated on sterilized glass beads. Seeds were air-
dried and the pappus was removed, per field 100 randomly chosen seeds were weighed
individually. To examine germination, 25 surface sterilized seeds were placed on filter
paper (9 cm diameter) in a Petri-dish with 2 ml demineralised water. There were five
replicate Petri-dishes for each field. After 16 days at 16 h 21 °C (day) and 8 h 16 °C
(night), the number of germinated seeds was determined.

Soil collection

In July 2007, from soil for the inocula was collected by taking 150 soil cores of 3 cm
diameter and 15 cm depth at two ex-arable old-fields. The two fields are situated at the
Veluwe, the Netherlands (Field A and B, Table 4.1). The soil samples were lumped for
each field, sieved using a 5 mm mesh, and homogenized. The dry weight of a sub-sample
was determined gravimetrically after 24 hours at 105 °C. Ratios and weights hereafter are
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based on dry weights. In addition, approximately 500 kg of soil was collected from field B
at 5-20 cm below the soil surface, sieved using a 0.5 cm mesh, homogenized, and
sterilized by gamma irradiation at a dosage > 25 KGray gamma irradiation by Isotron, Ede,
the Netherlands. This served as sterilized bulk soil, to which the soil inocula were added.

Soil chemistry

In each field ten soil samples (3 cm diameter and 15 cm depth) were collected. Three or four
individual soil samples were combined into three homogenized soil mixtures per field. The
mixtures were dried at 40 °C for 3 days. Soil mineral N was extracted by shaking 10 g (dry
weight) soil with 50 ml 1 M KClI for 2 h. NH4*-N and NO3™-N were determined colorimetrically in
the KCI extract (Traacs 800 autoanalyzer; TechniCon Systems Inc.) and values were added up
to express total mineral N. pH was measured in 2:5 dry soil: water suspensions. Available P
was analysed according to Olsen et a/ (1954) and measured at 720 nm.

Inocula preparation

We prepared three types of soil inocula from both field soils: sieved soil inoculum, a soil
suspension, and a microbial suspension. The soil was prepared by sieving 2 kg of the
collected field soil through a 1 mm mesh. The soil and microbial suspensions were
prepared by gently stirring 2 kg field soil with 1.5 L demineralised water for 2 min. The
suspension was set aside for 15 min, stirred again for 2 minutes and left to settle for 15
min. The supernatant was then sieved. In order to prepare the soil suspension, half of the
supernatant was sieved through a 1 mm mesh. The other half of the supernatant was

Table 4.1 Field characteristics and mean (+ SE) soil chemistry, and Jacobaea vulgaris characteristics
of fields A and B.

Field A Field B

Field characteristics

Location
Soil texture

Soil chemistry

52.12°N 5.49°E

Coarse sand

52.04°N 5.45°E

Coarse sand

Soil pH 54+0.15b 6.1+£0.07 a
Mineral N (mg/kg) 10.7+1.3a 10.6 £ 0.8 a

P (mg/kg) 121 +13a 90+3b

J. vulgaris characteristics

Abundance (%) 27.4+150a 10.0+16a
Flowering height (cm) 84+6a 63+3b

Seed weight (ug) 0.196 £0.01 b 0.249+0.01a
Germination (%) 54.0+£89a 60.0+£3.1a
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used to prepare the microbial suspension and was sieved through sieves with mesh sizes
of subsequently 1 mm, 180 pm, 75 pm, twice 45 pm, and 20 pm. Therefore, this microbial
suspension does not contain micro-arthropods, nematodes, or mycorrhizal fungi, whereas
it should contain soil bacteria and fungi (Swift et a/. 1979, Ames et al. 1987, Klironomos et
al. 1993; Bardgett 2005). Two subsamples (1 mL of the suspensions and 1 g of the soil) of
each inoculum were frozen at -80 °C for molecular analyses (see below).

Pots of 0.9 L were filled with 1.2 kg of soil. In the case of the soil treatment this was a 6:1
mixture of sterilized soil and sieved field soil inoculum. In the case of the soil and microbial
suspension treatments, pots were filled with 1.2 kg sterilized soil and inoculated with 75 ml
suspension extracted from 100 g of field soil. Pots in the soil treatment received 75 ml of
demineralised water in order to obtain equal levels of soil moisture for all treatments.

Greenhouse experiment

The plant-soil feedback experiment consisted of two growth phases. In the first phase, J.
vulgaris plants were grown in soils prepared as described in the previous section. Prior to
planting, the pots were incubated for 3 days. Then, into each pot three one-week-old J.
vulgaris seedlings from either population A or B were planted. Seedlings that died during
the first week of the experiment were replaced, because this may have been due to the
transplanting. All treatments were replicated five times, which resulted in 60 pots in total:
2 fields x 3 inoculum types x 2 seed origins x 5 replicates. Pots were positioned randomly
in a greenhouse at 70% RH, at 16 h 21 °C (day) and 8 h 16 °C (night) and soil moisture
was set at 17% based on dry weight. Natural day light was supplemented by metal halide
lamps (225 pmol s* m™ photosynthetically active radiation, 1 lamp per 1.5 m?). After 10
weeks all aboveground biomass was clipped, oven-dried for five days at 70 °C and
weighed. The soil and roots of each pot were divided into four equal parts. From two parts
the roots were gently rinsed and nematodes were extracted from a homogenized sub-
sample of these rinsed roots (see below). The remaining roots were washed, dried for five
days at 70 °C, and weighed.

The soil of the two remaining parts was used in the second growth phase. The two
remaining parts were homogenized and soils from the individual pots were kept separate.
Large roots were removed, because they may re-sprout. All the finer roots were left in the
soil, so that their rhizosphere can serve as a source of inoculum for the microbial
rhizosphere community. These soils from the first phase were mixed in a 1:1-ratio with
640 g of sterilized bulk soil to balance for potential nutrient variability that may have
occurred during the first growth phase. Pots were incubated for 3 days, after which three
one-week-old J. vu/garis seedlings from either population A or B were planted, in such a
way that each soil received seedlings from the same population as during the first phase.
Seedlings that died during the first week of the experiment were replaced. After one week
the number of seedlings per pot was randomly thinned to two seedlings per pot. Plants
were grown under the same conditions as during the first phase. Six weeks after
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transplanting, shoots were harvested and roots were separated from the soil and rinsed.
Shoots and roots were oven-dried for five days at 70 °C, and weighed.

Soil community composition

We determined the number of plant-feeding nematodes in the roots and soil from each pot
at the end of the first growth phase. A sub-sample of approximately 2 g dry root mass was
used to extract nematodes using a mistifier and an extraction time of 48 hr. Plant-feeding
nematodes were heat-killed and fixed (35% formaldehyde diluted to 4%), after which a
minimum of 150 nematodes were identified to genus or species level, according to
Bongers (1988). Numbers of nhematodes were expressed per 1 g dry root.

Inocula condiitions

To test whether the three inocula types differ in abiotic conditions, the three inocula
(mixed between soils from different fields) were autoclaved for 20 min at 120 °C on 3
consecutive days in order to kill of all soil biota. Sterilized bulk soil was then inoculated
with the sterilized inocula as described above. After inoculation, the pots were incubated
for 3 days, after which three one-week-old J. vu/garis seedlings from either population A or
B were transplanted, using 5 replicate pots per treatment. Seedlings that died during the
first week of the experiment were replaced. Pots were randomly positioned in a
greenhouse at 70% RH, at 16 h 21 °C (day) and 8 h 16 °C (night) and soil moisture was
set at 17% based on dry weight. Natural day light was supplemented by metal halide
lamps (225 pmol s m™ photosynthetically active radiation, 1 lamp per 1.5 m?). After 10
weeks all aboveground biomass was clipped and the roots were separated from the soil
and washed. Plant biomass was dried at70 °C for five days, and weighed.

Data analyses

Biomass data from the feedback experiment were analysed using three-way analysis of
variance (ANOVA), with field origin, treatment and seed origin as fixed factors using
Genstat 12 (Payne ef al. 2008). Treatments were compared using a Tukey HSD post hoc
test. Field characteristics, soil chemistry, and J. wulgaris characteristics of fields A and B
were compared using a T-test. Biomass production in pots with live and sterilized inocula
was compared using a two-way ANOVA, separately for inoculation type and seed origin. All
data were checked for homogeneity of variances Levene’s tests (P > 0.05) and the
assumption of normality was tested with Kolmogorov—Smirnov procedures. Biomass data
were log-transformed and count data were square root-transformed prior to analysis to
meet the assumptions of ANOVA.
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Results

In sterilized soil inoculated with sterile inocula, J. wulgaris biomass did not differ
significantly differ between the inoculum treatments (Fig. 4.1, Table 4.2). However, plants
grown from seeds collected from Field A were significantly larger than plants originating
from seeds from Field B (Fig. 4.1, Table 4.2). Flowering plants from Field A were
significantly larger and seed weight significantly lower than of plants from Field B (Table
4.1)

In the first phase of the feedback experiment, J. vulgaris biomass was significantly lower in
pots inoculated with sieved soil than in pots inoculated with the suspensions (Fi4s = 43.3,
P < 0.001; Fig. 4.2A). Plants growing in the soil suspension treatment, in turn, produced
less biomass than plants growing in pots with the microbial suspensions (Fy 45 = 16.3, P <
0.001; Fig. 4.2A).

J. wulgaris biomass in pots inoculated with soil was significantly lower than in pots
inoculated with sterilized soil (Table 4.3). Also, biomass in pots inoculated with the soil
suspension from Field A was significantly lower than in pots inoculated with the sterilized
soil suspension. However, biomass in pots that were inoculated with the microbial

Total biomass (g/pot)
N
Il

Seed A Seed B

Fig. 4.1 Mean (+ SE) total biomass of Jacobaea vulgaris in the first phase, grown in sterilized soil
inoculated with sterilized field soil (white bars), sterilized soil suspension (grey bars) or sterilized
microbial suspension (black bars). Seeds originated from Fields A and B.
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Fig. 4.2 Plant-soil feedback experiment. Mean (+ SE) total biomass of Jacobaea vulgaris plants in the
first phase (a), and in the second growth phase (b). J. wulgaris plants were grown in sterilized soil
inoculated with sieved field soil (white bars), a soil suspension (grey bars) or a microbial suspension
(black bars). Soil inocula and seeds originated from fields A and B.
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Table 4.2 Results of a two-way ANOVA for the effects of sterilized inoculation treatments (soil, soil
suspension or microbial suspension) and seed origin (Field A or B) on total Jacobaea vulgaris biomass.

d.f. F P
Treatment 2 3.27 0.07
Seed origin 1 29.8 <0.001
Treatment*Seed origin 2 1.84 0.18
Error (mean squares) 24

Table 4.3 Results of two-way ANOVA's comparing biomass production in the first phase in pots
inoculated with sterilized inoculum, with biomass production in pots inoculated with live inoculum from
Field A or Field B. Statistical analyses were performed separately per inoculation treatment (soil, soil
suspension or microbial suspension) and seed origin (Field A or B). Within a row different letters

indicate significant differences (P < 0.05) based on a Tukey HSD test.

Inoculum source

F212 P Sterile Field A Field B
Soll Seed A 17.33 <0.01 a b b
Seed B 15.60 <0.01 a b b
Soil suspension Seed A 3.99 0.04 a b ab
Seed B 4.74  0.03 a b ab
Microbial suspension Seed A 3.93 0.06 a a a
Seed B 0.58 0.57 a a a
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Fig. 4.3 Mean (£ SE) total number of plant-feeding nematodes per gram of roots. Jacobaea vul-
garis plants were grown in sterilized soil inoculated with sieved field soil (white bars), a soil suspen-
sion (grey bars) or a microbial suspension (black bars). Soil inocula and seeds originated from Fields
A and B.

Table 4.4 Results of a three-way ANOVA for the effects of soil origin (Field A or B), inoculation treat-
ment (soil, soil suspension or microbial suspension) and seed origin (Field A or B) on total Jacobaea
vulgaris biomass in the first and second growth phase, and on the total number of plant-feeding
nematodes ( Pratylenchus and Meloidogynidae) per gram root in the first phase.

Total biomass Nematodes

First phase Second phase First phase

d.f. F P F P F P
Soil origin (Soil) 1 1.20 0.28 1.57 0.22 3.92 0.05

Inoculum 2 29.54 <0.001 6.92 0.002 18.3 <0.001

Seed origin (Seed) 1 1.08 0.30 2.67 0.11 0.12 0.74
Soil*Inoculum 2 0.82 0.45 0.06 0.94 341 0.04
Soil*Seed 1 0.00 1.00 3.02 0.09 0.06 0.81
Inoculum*Seed 2 0.06 0.94 0.90 0.41 0.22 0.80
Soil*Inoculum*Seed 2 0.36 0.70 0.44 0.65 0.06 0.94

Error 48
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suspension did not significantly differ from pots inoculated with the sterilized microbial
suspension.

In the second phase, biomass of J. vuigaris was significantly smaller in pots of the sieved
soil treatment than in pots inoculated with the microbial suspension (F;4 =12.0, P =
0.001; Fig. 4.2B). Biomass in the pots inoculated with the microbial suspension was
significantly larger than in the pots inoculated with the soil suspension (F;4s = 8.5, P =
0.005). Biomass did not differ between the soil and soil suspension treatment (F;4s = 0.3,
P = 0.58). Total biomass per pot in the second phase was substantially lower than in the
first phase, but there was a significant positive relationship between biomass of both
phases (Fyso = 11.7, P = 0.001, R? = 0.17), indicating that nutrient availability was not
limiting. During both growth phases, there were no significant effects of either soil or seed
origin (Table 4.4).

At the end of the first phase, plant-feeding nematodes belonging to the genera
Pratylenchus and Meloidogyne were found. Nematode densities differed significantly
between inoculation treatments (Table 4.4) and were largest in pots inoculated with sieved
soil (Fig. 4.3). In most pots that were inoculated with a suspension no plant-feeding
nematodes were detected. In addition to the treatment effect, there was also a significant
soil origin effect, as there were more nematodes in pots inoculated with soil from Field B
than Field A (Table 4.4). There was a significant negative relationship between plant
biomass in the first phase and nematode density (F;ss = 21.7, P < 0.001). However, there
was no significant relationship between nematode density and biomass in the second
phase (Fi53 = 0.29, P = 0.59).

Discussion

Our study clearly shows that a negative soil effect can be sieved out when the soil
inoculum is sieved with a mesh of 20 pym. In addition, the type of inocula that is used can
greatly influence the effect of inoculation on plant performance and the observed soil
effect. In both the first and the second growth phase, plant biomass was highest in soil
that was inoculated only with the microbial community, and biomass did not differ from
the plants that were grown in the sterilized inocula. These results suggest that negative
soil effects can be partly sieved away and that this effect is robust, as it was found in both
phases. Hence, our results show that choices made on what soil inoculation method to use
in feedback experiments can have large consequences on the size of the effect that the
soil community has on plant performance. Below we discuss a number of possible
mechanisms that may explain how the inoculation method can influence plant-soil effects.
In addition, we discuss how intraspecific variation in plants and variation in soil abiotic and
biotic components can affect plant-soil effects.
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The higher biomass production in pots inoculated only with the microbial community
indicates that the main growth reducing agents were partly sieved out and thus that these
agents did not pass the 20 pm sieve. The most obvious explanation is that the main
growth reducing agents are larger than 20 pm. This corresponds with the observation that
plants with a higher number of plant-feeding nematodes were smaller. This observation
points at plant-feeding nematodes as a cause of reduced J. wulgaris growth in pots
inoculated with sieved field soil. However, there are also many pathogenic soil bacteria
and fungi present in soils and it could be that some of them were filtered out by the 20 pm
sieve as well. For example, because soil bacteria and fungi can be associated to larger soil
aggregates (Six et al 2004), which are filtered out by the 20 um sieve. It is also possible
that the differences are due to a dilution effect. Recent work showed that rare soil
microbes are not redundant, as they can have strong negative growth effects (Hol et al.
2010). By sieving out part of the soil (micro-)organisms from the microbial suspension, it is
possible that rare species are sieved out as well. Even though we did not examine
arbuscular mycorrhizal colonization, they were probably not present in the microbial
suspension as their spores are larger than 20 um (Klironomos et a/ 1993). As plants had
more biomass in pots inoculated with the microbial suspension than in pots inoculated with
the soil suspension this allows us to conclude that growth stimulating arbuscular
mycorrhizal fungi were of less importance for plant performance than the growth reducing
agents.

J. vulgaris biomass in the treatment inoculated with sieved soil was significantly lower than
when inoculated with the soil suspension. However, both treatments did not differ when
the inocula were sterilized, which suggests that nutrient availability in both inocula was
similar. Even though both the sieved soil inoculum and the soil suspension were sieved
through 1 mm mesh there was a clear difference in the number of plant-feeding
nematodes between these treatments. Nematodes are sensitive to soil processing (de
Rooij-van der Goes et al 1997) and the additional sieving and stirring to create the
suspensions may have reduced their number. Our results emphasize that soil suspensions
should not be used as a direct substitute of soil inoculation, as their effect on plant
performance is not the same.

While frequently ignored, recent studies have shown that plant-soil feedback effects can
differ greatly between soils (Manning et al 2008; Joosten et al 2009; Harrison et al.
2010). In our study, J. vulgaris performance did not differ between the two soil origins for
none of the three inocula. The soils that we tested originate both from old-field grasslands
on the same soil substrate. Studies that reported effects of soil abiotic conditions on plant-
soil feedback effects often compare soils that are more different from each other, for
example, clay versus sandy loam soils (Bezemer et al. 2006b), or soils that originate from
more different ecosystems, such as a dune system versus an experimental grassland
(Joosten et al. 2009). However, the fact that we did find effects of the inoculation method
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but no soil origin effect indicates that J. wulgaris is more sensitive to small differences
created between soil inocula from the same soil, than to differences between soils.

In the field, flowering plants collected from Field A were much larger than plants
originating from Field B, and also in the experiment with sterilized inocula these plants
were significantly larger. Nevertheless, in the greenhouse experiment with live inocula,
there was no intraspecific variation in plant size between both populations. The absence of
a population effect when soil biota are present shows that the inoculation method has a
stronger effect on plant performance than intraspecific variation. Joosten et al (2009)
found that J. wuigaris performance differed significantly between clones that differed in PA-
levels. Here, we used seeds that were collected from multiple plants within a population,
and it is inevitable there was considerable genetic variation within each population.
Moreover, these populations may not have such strong differences in PA content and
composition as in the study of Joosten et a/ (2009). In an experiment with white cabbage
cultivars (Brassica oleracea var. capitata) that differed in glucosinolate levels, Kabouw et
al. (2010) found an effect of intraspecific variation on plant-feeding nematodes, but not on
other parts of the soil food web. Again, as in the case of Joosten et a/ (2009), these
effects of cabbage were mainly due to differences in secondary chemistry. Therefore, the
strong effects of inoculation preparation on plant-feeding nematodes in our experiment
could have overruled intra-specific variation as well.

In conclusion, we show that the method of inoculation can strongly influence the soil effect
on plant performance. The strongest negative soil effect was observed when using sieved
field soil. By sieving the soil to obtain a microbial suspension we removed the negative soil
effect, which was observed during both growth phases. In addition, we show that the
results obtained with inoculating sieved field soil or with an aqueous soil suspension are
not comparable in terms of effect strength. Thus, when designing plant-soil feedback
experiments, it is crucial to consider that soil inoculum preparation can strongly influence
the effect size.
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Abstract

Many wild plant species show temporal boom-collapse patterns of population development
and the question is what causes these patterns? Field and bioassay studies with Jacobaea
vulgaris have shown that plants grow poorly in soil from areas where it dominates. We
hypothesized that this poor growth is due to autotoxicity.

We tested this hypothesis by examining the inhibitory effects of aqueous extracts made
from root and shoot tissues on seed germination and seedling performance of J. vulgaris.
We also examined the effects of extracts taken from soil conditioned by J. vwigaris, as well
as the effect of root fragments on seedling performance.

Performance of seedlings growing on glass beads was significantly reduced by the high
and medium strength root and shoot extracts. Extracts made from soil did not differ
significantly in their effect from the control, and seedlings growing in sterilized soil were
also not affected by J. wujgaris extracts. Incorporating root fragments reduced maximum
root length significantly, also when seedlings were growing in sterilized soil. Only the high
strength shoot extract reduced germination.

We conclude that under laboratory conditions J. vulgaris can be autotoxic and we discuss
the role that autotoxicity may play in the decline of J. vulgaris abundance in old-fields.

Key words: allelochemicals, allelopathy, phytotoxicity, Senecio jacobaea, soil sickness,
succession

Introduction

Jacobaea vulgaris is an early successional species that is highly dominant in old-fields early
after cessation of agricultural practices. However, after a few years of dominance, its
abundance sharply declines. This boom-collapse pattern is characteristic for many wild
plant species occurring in succession gradients (OIff and Bakker 1991; Halpern et al. 1997;
Meiners et al. 2009). Bioassay studies have shown that J. vulgaris plants grow poorly in
soil collected from areas where it is dominant (Bezemer et a/. 2006a; van de Voorde et al.
2010). These negative soil effects have been attributed to soil fungal pathogens that build
up in presence of this plant species (Bezemer et al. 2006a). However, it is also possible
that the negative growth responses are due to autotoxic allelopathic effects (Rice 1984;
Wilson and Rice 1968).

Allelopathy is the harmful effect of one plant on another, through the production of
chemical compounds that are released into the environment (Rice 1984; Lambers et al.
2008). A special form of allelopathy is autotoxicity, which occurs when the released
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chemical compounds inhibit the growth of plants of the same species (Miller 1996; Kumari
and Kohli 1987; Lambers et al 2008). Through autotoxic effects seed germination and
seedling establishment near full-grown plants can be reduced, which minimizes
intraspecific competition for resources (Singh et al. 1999; Liu et a/. 2008) or can enhance
population viability (Canals et al. 2005). Although allelopathy and autotoxicity are
predominantly studied within an agricultural context (Miller 1996; Liu et a/. 2008), they can
also play an important role in natural systems (Singh et al 1999), for example, during
succession (Wilson and Rice 1968; Quinn 1974) or exotic plant invasions (Callaway and
Aschehoug 2000; Bais ef a/ 2003; Hierro and Callaway 2003).

In nature, plant chemical compounds can enter the soil through foliar leaching, root
exudation, decomposition of plant tissues or volatilization (Rice 1984; Inderjit and Nilsen
2003; Lipinska and Harkot 2007). However, these plant chemical compounds are not
equally distributed amongst plant organs and the concentration and composition can differ
considerably between aboveground and belowground parts (Hol ef a/ 2003; van Dam
2009). Typically, leaf extracts are a more consistent source of allelochemicals than root
extracts (Rice 1984; Lipinska and Harkot 2007). On the other hand, plant responses to
allelochemicals are generally stronger in roots than in aboveground tissues (Blum et al.
1999; Tawaha and Turk 2003). Moreover, in experiments allelopathic effects often become
stronger with increasing concentrations of the extract, while at very low concentrations
allelochemicals might even have stimulating effects on plant growth (Rice 1984; Zeng et
al. 2001).

A well studied group of chemical compounds that are known to exhibit allelopathic effects
are alkaloids (Wink et al 1999). J. vulgaris (synonym Senecio jacobaea) and other species
in the Senecio family produce a variety of pyrrolizidine alkaloids (PAs) that can act as
toxins and deterrents against other plants (Fujieda et a/. 1988) and plant antagonists, such
as insects and soil fungi (Macel ef a. 2005; Hol and van Veen 2002; Kowalchuk et al.
2006). Ahmed and Wardle (1994) tested the effects of extracts of J. wulgaris tissues on
other plant species and showed that these extracts inhibit seed germination, seedling
emergence and growth of co-occurring pasture species. They also showed that extracts
made from leaf material inhibit growth of other plant species more than root extracts
(Ahmed and Wardle 1994). Although PAs are important for the defense of J wulgaris
(Macel et al 2005), it is not known whether they are the only compounds in J. vulgaris
causing allelopathy.

While allelopathic effects can be attributed directly to plant chemicals (Bais et al. 2003),
soil microorganisms can also play an important role in allelopathy (Rice 1984; Inderjit and
Weiner 2001, Inderjit and Nilsen 2003). Soil organisms can (de-)activate toxic plant
compounds or release phytotoxic compounds when they decompose plant tissues (Rice
1984; Inderjit and Nilsen 2003). The properties of plant chemicals can also be influenced
directly by the physical and chemical properties of the soil, for example, due to adsorption
to soil particles (Wardle et a/. 1998).
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We carried out a plant-soil feedback study and show that J. vu/garis performs poorly in soil
preconditioned by the same species. Subsequently, we test the hypothesis that reduced J.
vulgaris performance in soil in which it has been growing previously is due to autotoxicity.
In order to test this hypothesis, we examined the autotoxic potential of J. vu/garis in a
series of laboratory experiments. We tested the inhibitory effects of aqueous extracts
made from root and shoot tissues on seed germination and seedling performance of J.
vulgaris. We also examined the effects of extracts taken from soil conditioned by .
vulgaris, as well as the effect of root fragments on seedling performance.

Material and Methods

In November 2007, J. vulgaris seeds were collected from approximately 100 plants in an
old field (see below) where J. vuigaris is abundant. Pappus was carefully removed and the
seeds were surface sterilized for 2 min in 0.4% chloride solution and rinsed. Seeds were
germinated in demineralised water on glass beads of 1 mm diameter in a growth cabinet
at 16 h 25 °C light and 8 h 20 °C dark, in order to mimic natural day/night conditions. One-
week-old seedlings were used for all experiments.

Plant-soil feedback experiment

To examine the effect of J. wuigaris on subsequent J. vulgaris performance via changes in
the soil, we carried out a plant-soil feedback experiment. The feedback experiment
consisted of two growth phases: in the first phase the soil was conditioned by growing J.
vulgaris. In the second phase the feedback of the conditioned soil on J. wuigaris
performance was measured. In the first phase J. wulgaris plants were grown in live or
sterilized field soil. All field soil had been collected from a depth of 5-20 cm below the soil
surface in the old-field that was taken out of agricultural production in 1995 and where J.
vulgaris is abundant (10% cover). The soil type is sandy loam (van der Putten ef a/. 2000).
The field is located in a nature reserve at the Veluwe, the Netherlands at 52°04'N, 5°45'E.
Pots (0.9 L) were filled with sterilized field soil (> 25 KGray gamma irradiation, Isotron,
Ede, the Netherlands), which was inoculated in a 6:1 ratio with field soil. A second set of
pots was inoculated with autoclaved (3 consecutive days, 20 min at 120 °C) field soil. Each
pot contained 1.2 kg of soil, based on dry weight. Three one-week-old seedlings were
planted per pot and both treatments were replicated five times. All pots were placed
randomly in a greenhouse at 70% RH, at 21 °C during the day (16 h) and 16 °C during the
night (8 h) at 17% soil moisture content (based on dry weight). Natural day light was
supplemented by metal halide lamps (225 pmol s m™ photosynthetically active radiation,
1 lamp per 1.5 m?). After 10 weeks aboveground biomass was harvested. The soil and
roots of each pot were subdivided into four equal parts. From two parts the roots were
rinsed. Shoots and roots were oven-dried for 5 days at 70 °C and weighed. The other two
parts of soil and roots were used as inoculum for the second growth phase. Large roots
were removed as they may re-sprout. The two parts were homogenized in a 1:1 ratio with
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640 g of sterilized soil, on a dry weight basis, ensuring that soil and roots from each pot
were kept separate. As during the previous growth phase, we included a new sterilized soil
treatment, which was autoclaved field soil homogenized in a 1:1 ratio with sterilized soil.
Three one-week-old J. vulgaris seedlings were planted in each pot and after one week the
seedlings were randomly thinned to two seedlings per pot. Growing conditions were as in
the first phase. After six weeks, aboveground biomass was harvested and the roots were
rinsed. Shoots and roots were oven-dried for 5 days at 70 °C and weighed.

Preparation of plant and soil extracts

To obtain shoot, root, and soil material for the extract preparation, three seedlings were
planted in a pot of 1 L filled with 950 g sterilized field soil on a dry weight basis. There
were three replicate pots. Pots were kept separate and from each pot a root, a shoot and
a soil extract was made. After 12 weeks, all leaf material was clipped and cut into pieces of
approximately 1 cm. The soil of each pot was sieved through a mesh of 2 mm in order to
separate roots from soil. The roots were collected from the mesh and rinsed in
demineralised water for 20 sec. A subset of approximately 8 g of roots from each pot was
kept separate to test the autotoxic effect of root fragments (see below). The remaining
roots were cut into 1 cm pieces to be used as inoculum (see below). Shoot, root, and soil
extracts were then made from each replicate pot separately. Twelve g of fresh leaf or root
material (corresponding with 3 g dry weight (dw)) or soil (corresponding with 10.5 g dw)
was soaked in 40 ml demineralised water, stirred for 20 sec and left in the dark for 18
hours. Twelve grams of shoot tissue corresponds with roughly the total foliar biomass from
a pot; twelve grams of roots corresponds roughly with one fourth of the total root biomass
per pot. The solutions were filtered (125 pm mesh size, Omnilabo, Breda, the
Netherlands). Solutions were used pure (high strength), diluted 1:1 with demineralized
water (medium strength) or diluted 1:19 with demineralized water (low strength). The
extracts were filter-sterilized (0.2 ym, Whatman, Puradisc FP 30) and placed at 4 °C until
further use.

Autotoxicity experiments

Growing conditions: Experiments were conducted with seedlings growing on glass beads or
sterilized soil. In the experiments testing autotoxicity on glass beads and testing the
autotoxic effect of root fragments, seedlings were grown individually in 24-well
microplates in 3.3 ml wells (16.2 mm diameter). Each well was filled with 3 g soil that had
been sterilized for 20 min at 110 ° C on 2 consecutive days, or on glass beads of 1 mm
diameter that had been sterilized for 48 hr at 110 °C. In the experiment testing
autotoxicity in sterilized soil, the seedlings were grown individually in 10 ml glass vials (22
mm diameter), filled with 12 g soil that had been sterilized for 20 min at 110 ° C on 2
consecutive days. Microplates and vials were placed in plastic boxes (13 x 18 x 6 cm) with
transparent lids to prevent evaporation. The boxes were placed in a greenhouse at
conditions as described above, to mimic day/night conditions. At the end of each

100



AUTOTOXICITY

experiment, maximum root length was measured. Seedlings were then dried for two days
at 50 ° C and weighed.

Autotoxic effects in glass beads

At the start of the experiment, every well received 0.7 ml high, medium or low strength
shoot, root or soil extract. Control seedlings received 0.7 ml demineralised water. All
treatments were replicated 8 times, so that there were 224 seedlings (3 replicate pots x 3
extract types x 3 concentrations x 8 seedlings + 8 control seedlings). All seedlings received
0.1 ml half-strength Hoagland solution (Hoagland and Arnon 1950) in order to enable
growth. Seedlings received five times 0.2 ml demineralised water during the experiment
and were harvested after 19 days.

Methodological checks

In order to identify possible side-effects of the solutions used for applying the extracts, we
compared seedling growth in demineralised water, acidified demineralised water, and a
half-strength Hoagland solution. The pH of the acidified control (pH = 5.4) equals the pH
of the root extract. The nutrient solution was a 7:1 mixture of demineralised water: half-
strength Hoagland solution. In order to test the possible side effects, 0.8 ml of the
solutions was added to individual seedlings growing on glass beads. All treatments were
replicated 7 times. All seedlings received five times 0.2 ml demineralised water during the
experiment. After 19 days the seedlings were harvested.

Autotoxic effects in sterilized soil: Each vial containing one seedling received 1 ml low or
high strength shoot or root extract. Control plants received 1 ml demineralised water.
There were 8 replicates for each treatment resulting in 104 vials (3 replicate pots x 2
extract types x 2 concentrations x 8 seedlings + 8 control seedlings). During the
experiment the seedlings received three times 0.2 ml demineralised water. After 21 days
all seedlings were harvested.

Autotoxic effect of root fragments

Root fragments were obtained from a subset of the roots that were used for extract
preparation (see above). Seedlings on glass beads or sterilized soil grew individually in 24—
well microplates in 3.3 ml wells of 16.2 mm diameter. Each well was filled with 3 g glass
beads (1 mm diameter) or with 2.65 g dw soil that had been sterilized for 20 min at110° C
on 2 consecutive days. Soil or glass beads were homogenized with root fragments,
corresponding with 0.06 g dw root material per well. Seedlings growing in soil received 0.5
ml of demineralised water and seedlings on glass beads 1.2 ml, resulting in equal water
content of both substrates. Control seedlings on glass beads received 0.5 ml water. All
treatments were replicated 10 times, which resulted in 70 seedlings in total (3 replicate
pots x 2 substrates x 10 seedlings + 10 control seedlings). During the experiment
seedlings received four times 0.2 ml water. After 12 days seedlings were harvested.
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Autotoxic effects on seed germination

Twenty surface sterilized J. vulgaris seeds were placed on a filter paper (diameter 8.5 cm,
ref. 0/971510) in a Petri-dish. Each dish received 4.5 ml high or low strength extract made
from shoots, or roots, whereas controls received 4.5 ml demineralized water. For both
extract types and concentrations there were five Petri-dishes. In total the experiment
comprised 65 Petri-dishes (3 replicate pots x 2 extract types x 2 concentrations x 5 dishes
+ 5 control dishes). Petri-dishes were placed in a germination cabinet at 20 °C in the light
(16 h) and 15 °C in the dark (8 h). During the experiment seeds were given an additional
dosage of 0.25 ml of extract and 1.5 ml demineralised water, whereas the controls
received 1.75 ml of demineralised water. Germination was checked daily for 19 days and
total percentage germination per Petri-dish was calculated.

Data analyses

Data were analyzed using analysis of variance (ANOVA, Genstat 12; Payne et al. 2008).
Data were checked for homogeneity of variances using Levene's tests (2 > 0.05 in all
cases) and for normality using Shapiro-Wilk’s test (P > 0.05 in all cases). Results from the
first and second growth phase of the plant-soil feedback experiment were analysed
separately, and individual comparisons were based on a Tukey HSD post-hoc test. For all
autotoxicity experiments, replicates for treatments originating from the same extract (from
the same pot) are strictly speaking pseudoreplicates and were therefore averaged prior to
analyses, so that there were three replicates for each extract type and concentration. To
fulfill requirements of normality, biomass and root length data were log-transformed and
percentage data were arcsin-transformed prior to statistical analyses. Treatments were
compared to the control using a post-hoc Dunnet’s test. When treatment effects were
significant, tissue or substrate types were compared using planned comparisons.

Results

Plant-soil feedback experiment

Total biomass in the first growth phase of the greenhouse experiment was significantly
lower in the treatment inoculated with live field soil than in the sterilized control treatment
(38% reduction; Fis = 33.1, P < 0.001 ; Fig. 5.1). Biomass in the second phase was
significantly lower in both soils that originated from the first phase than in the new sterile
soil (F1,s = 9.3, P=0.008; Fig. 5.1). J. vulgaris biomass in the field and the sterile soil that
had been conditioned by J wulgaris was reduced by 70% and 63% respectively, as
compared to biomass production in the new sterile soil.
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Fig. 5.1 Mean (% SE) total pot biomass of Jacobaea vulgaris plants growing in the conditioning phase
in sterilized soil (light gray bar) or in sterilized soil inoculated with live field soil (white bar); and bio-
mass of plants in the feedback phase growing in field soil that was conditioned by J. vuigaris (white
bar) or in sterile soil that was conditioned by J. vuigaris (light gray bar), or not in sterilized soil that
was not conditioned (dark gray bar). The dashed bars indicate the sterilized control for the condition-
ing and feedback phase. For the conditioning and the feedback phase separately, significant differ-
ences (P < 0.05) between control and treatment are indicated with an asterisk.

Autotoxic effects in glass beads

Maximum root length and total biomass differed significantly between treatments (root
length (RL): Fg24 = 246.1, P < 0.01; biomass (BM): Fq,4 = 35.0, P < 0.01; Fig. 5.2). As
compared to the control, root length was significantly reduced in the treatments with the
high and medium strength of both root and shoot extracts. Shoot extracts reduced root
length more than root extracts (F;,1s = 95.7, P < 0.01). Seedling biomass was significantly
reduced in the high root, and medium and high shoot extract (Fig. 5.2). Root extracts
reduced biomass more than leaf extracts (F;15 = 6.0, £ = 0.03). Extracts made from soil
did not differ significantly from the control.

Methodological checks

Total seedling biomass did not significantly differ between the control treatment with
water only and the treatments with the lowered pH or additional nutrients, nor did root
length (Table 5.1). Thus, this minimizes the possibility that the assumed autotoxic effects
were purely due to pH changes or nutrient availability brought about by the plant extracts.
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Table 5.1 Mean (£ SE) root length and biomass of Jacobaea vulgaris seedlings that received the
control treatments: water, Hoagland nutrient solution (Nutrients) or an acidified water solution (pH). F
and Pvalues of an ANOVA are also presented.

Root length (cm) Total biomass (g)

Water 6.8+0.8 1.9+£0.1
Nutrients 6.7+0.7 16+0.1
pH 5605 1.6+£0.1
F218 1.18 0.60
P 0.33 0.56
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Fig. 5.2 Mean (+ SE) maximum root length (A) and total biomass (B) of Jacobaea vulgaris seedlings
growing on glass beads inoculated with demineralised water (control, dashed bar), or with low (white
bars), medium (gray bars) or high (black bars) concentrations of shoot, root or soil extracts. Signifi-
cant differences (P < 0.05) from the control treatment are indicated with an asterisk.
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Fig. 5.3 Mean (+ SE) maximum root length (A) and total biomass (B) of Jacobaea vulgaris seedlings
growing on glass beads without root fragments (control), and of seedlings growing on glass beads or
sterilized soil with root fragments incorporated. Significant differences (P < 0.05) with the control
treatment are indicated with an asterisk.
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Fig. 5.4 Mean (+ SE) percentage germination of seeds that received demineralized water (control,
dashed bar), or of seeds that received low (white bars) or high (black bars) strength leaf or root
extracts. Significant differences (P < 0.05) with the control treatment are indicated with an asterisk.
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Autotoxic effects in sterilized soil: In sterilized soil, there were no significant autotoxic
effect of root or shoot extracts on root length or biomass (RL: F414 = 0.72, P = 0.59; BM:
F4,14 = 068, P= 061)

Autotoxic effect of root fragments: In both treatments with root fragments, maximum root
length was significantly reduced as compared to the control (F,,13 = 46.85, P < 0.01; Fig.
5.3). Moreover, root fragment addition resulted in shorter and thicker roots than in the
control treatment (TFJ van de Voorde, personal observation). For the seedlings exposed to
root fragments, root length did not differ between seedlings growing in soil or on glass
beads (Fig. 5.3).Total biomass was not significantly influenced by addition of root
fragments (F,13 = 1.88, P=0.19).

Autotoxic effects on germination: High strength shoot extracts reduced germination
significantly (F412 = 3.23, P = 0.05; Fig. 5.4). The reduction was 53% as compared to the
control, pointing at strong autotoxic effects of shoot extracts on germination. Germination
in the other treatments did not significantly differ from the control treatment.

Discussion

In a series of laboratory experiments we tested the autotoxic potential of J. vulgaris. Our
results show that J. wulgaris can be autotoxic, but that the substrate in which the plant
grows, the type of plant extract used, and the extract concentration are important
determinants of the autotoxic effect. We will discuss the possible consequences of
autotoxicity for J. vulgaris performance under greenhouse conditions and in the field.

In our study, extracts made from J. wulgaris tissues reduced germination and seedling
growth. Seedling performance was not different when seedlings received the acidified
control solution or extra nutrients, which strongly reduces the possibility that side effects,
such as acidity or nutrient deficiency, may have caused the observed growth reducing
capacity of the plant extracts when applied to the seedlings. Three conclusions can be
drawn from these results. First, extracts made from shoots inhibit germination and root
growth more than root extracts. Ahmed and Wardle (1995), who studied the allelopathic
effects of J. wulgaris on other species, also found that extracts from shoots had the
strongest allelopathic effects on other pasture species, and this seems quite a general
observation in studies on allelochemical effects (Rice 1984; Lipinska and Harkot 2007).
Second, the autotoxic effects of J. vulgaris are dosage dependent, being strongest for the
most concentrated extracts. This is in line with studies on allelopathic effects of other plant
species (Chon and Kim 2002; Tawaha and Turk 2003; Chon et a/. 2005; Dorning and
Cipollini 2006).
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Third, extracts do not exhibit autotoxic effects when applied to soil. Seedling growth on
glass beads was considerably reduced when the seedlings were exposed to plant extracts,
but this was not the case when seedlings were growing in sterilized soil. The absence of
growth reduction in soil could be because the chemical compounds that cause the
autotoxic effect were adsorped to the soil particles, which reduces their mobility and
buffers their negative effect (Krogmeier and Bremner 1989; Wardle ef a/. 1989). This is in
line with our observation that addition of extracts made from soil did not reduce seedling
performance. Another explanation is that nutrient availability was higher in soil than in
glass beads, however, this is unlikely, because we corrected for nutrient differences by
adding Hoagland solution. Moreover, biomass in the root fragment addition experiment in
wells filled with soil was comparable to that in wells filled with glass beads. Other studies
have shown that increasing nutrient availability can reduce the negative effects of
allelopathy (Rice 1984; Inderjit and Weiner 2001). In contrast to our study, Ahmed and
Wardle (1995) found relatively strong effects of extracts from soil in which J. vuigaris had
been growing on other plant species. However, they provided these soil extracts more
regularly and for a longer period of time than we did and this could explain why they
found growth inhibition. Alternatively, J. wulgaris could be less sensitive to soil extracts
than the pasture species that were studied by Ahmed and Wardle (1995).

While our study shows that extracts from J. wvulgaris tissues potentially exhibit autotoxic
effects, it is unlikely that these autotoxic effects are the cause of growth reduction in soil
where the plant has previously been grown. In our study, we used extracts from damaged
plant tissues, which typically have stronger allelopathic effects than extracts made from
intact tissues (Orr et a/ 2005). In addition, we included concentrations that are higher
than what would occur under natural conditions. Still we did not find autotoxic effects
when these extracts were applied to seedlings growing in soil. Therefore, our results
suggest that under field conditions, with probably much lower concentrations of
allelochemicals, tissue extracts are not likely to have a strong effect on seedling
performance. However, shoot extracts did reduce J. wvwigaris germination and this could
consequently affect J. wulgaris establishment and population dynamics on a longer time
scale. However, whether leachate concentrations in the field, for example, due to rain, are
strong enough to cause negative effects on germination should be tested under field
conditions.

In contrast to the addition of extractions, when we incorporated entire root pieces into the
soil, we found strong growth reduction effects on J. wvulgaris. Roots of those seedlings
were also much shorter and thicker than the roots from control seedlings (TFJ van de
Voorde, personal observation). Altered root morphology is a commonly observed
allelopathic effect (Chon and Kim 2002; Gatti et a/. 2010). Eventually, these changes in
morphology can limit nutrient uptake and reduce seedling performance and fitness (van
der Putten et al 1989). Therefore, in the field, such root deformations may have large
consequences, especially when plants that co-occur with J. wvuigaris are not affected by
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presence of these root fragments. It is important to note that while it is possible that the
growth effects that we observed after addition of root pieces are due to allelochemical
effects, it is also possible that the effects were caused by micro-organisms that are present
on or in the root fragments, which can also explain the morphological changes (van der
Putten et al 1989). Pathogens might be transferred via the root fragments. Alternatively,
soil-microorganisms might have released or activated certain chemicals from the
decomposing root fragments (Rice 1984; Blum and Shafer 1988; Inderjit and Nilsen 2003).
These chemicals can have different autotoxic effects than the allelochemicals present in
the sterile plant extracts. It is also possible that, as root fragments decompose slowly, the
allelochemicals were released over a longer time period. Incorporating plant material into
soil can also have indirect inhibitory effects by influencing, for example, nutrient
mobilization, pH or microbial activity (Facelli and Pickett 1991). Future studies should focus
on disentangling the mechanisms through which root fragments cause this strong
reduction in growth of J. vulgaris.

In conclusion, our experiments show that J wulgaris can be autotoxic under laboratory
conditions. However, the effects of root and shoot extracts were dependent on the
concentration applied, and autotoxicity was not observed when seedlings were growing in
sterilized soil. In contrast, incorporation of root fragments into soil reduced J. vulgaris
performance considerably, although the role of soil (micro-)organisms should be
investigated in more detail. These results suggest that autotoxicity does not play an
important role in the decline of J. wwigaris abundance in old-fields and growth reduction in
greenhouse experiments. Future studies should address the role of autotoxicity in
influencing population dynamics of J. wu/garis in the field and to what extend autotoxic
effects of other co-occurring species affect the performance of this plant in the field.
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Abstract

Plants differ greatly in the soil organisms colonizing their roots. However, how soil
organism assemblages of individual plant roots can be influenced by plant community
properties remains poorly understood.

We determined the composition of arbuscular mycorrhizal fungi (AMF) in Jacobaea vulgaris
plants, using terminal restriction fragment length polymorphism (T-RFLP). The plants were
collected from an experimental field site with sown and unsown plant communities. Natural
colonization was allowed for 10 yr in sown and unsown plots. Unsown plant communities
were more diverse and spatially heterogeneous than sown ones.

Arbuscular mycorrhizal fungi diversity did not differ between sown and unsown plant
communities, but there was higher AMF assemblage dissimilarity between individual plants
in the unsown plant communities. When we grew J. wulgaris in field soil that was
homogenized after collection in order to rule out spatial variation, no differences in AMF
dissimilarity between sown and unsown plots were found.

Our study shows that experimental manipulation of plant communities in the field, and
hence plant community assembly history, can influence the AMF communities of individual
plants growing in those plant communities. This awareness is important when interpreting
results from field surveys and experimental ecological studies in relation to plant-symbiont
interactions.

Key words: Arbuscular mycorrhizal fungi (AMF), Jacobaea vulgaris / Senecio jacobaea,
plant community composition, soil biodiversity, spatial heterogeneity, terminal restriction
fragment length polymorphism (T-RFLP).

Introduction

Understanding the factors that lead to the enormous diversity in communities of soil biota
and the impacts on ecosystem functioning is one of the major challenges in soil ecology
(Fitter et al. 2005). A well studied group of soil organisms are the arbuscular mycorrhizal
fungi (AMF; Glomeromycota), forming symbiotic associations with most terrestrial plant
families. AMF have important functions in ecosystems, as they influence nutrient cycling,
plant productivity and diversity (Van der Heijden ef a/ 1998a; Klironomos et a/. 2000;
Klironomos and Hart 2002; Smith and Read 2008). Less is known about the factors that
determine the composition of the AMF community that colonizes plant roots (Johnson et
al. 2004; Borstler et al. 2006). Clearly, AMF propagules in the soil are important sources
for the AMF community inside roots, but propagule composition does not necessarily
reflect the community composition of AMF that colonize plant roots (Clapp et al 1995;
Merryweather and Fitter 1998; Rodriguez-Echeverria et al/, 2008). Also, host plants can be
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associated with very distinct mycorrhizal taxa (Vandenkoornhuyse et al. 2003; Gollotte et
al. 2004; Scheublin et al. 2004). Recently, Hausmann and Hawkes (2009) showed that the
identity of surrounding plants can influence the composition of AMF in a focal plant. That
study was performed in pots under glasshouse conditions. In the field, soil organism
assemblages of individual plant roots could also be influenced by additional properties,
such as the assembly history and heterogeneity of the plant community. The new question
addressed in the present study is how assembly history and heterogeneity of the plant
community may affect the AMF community colonizing roots of individual plants.

The AMF spore community within the soil can be influenced by soil characteristics, such as
disturbance history, soil type and chemistry (Helgason et a/. 1998; Egerton- Warburton et
al. 2007; Fitzsimons et al. 2008). Other studies have shown that the composition of
neighbouring plant species can affect AMF communities (Johnson et al. 1992; 2004;
Mummey et al. 2005; Opik et al. 2006). Individual plant species can show preferences for
specific AMF taxa (Scheublin et a/. 2004), so that changes in plant community composition
may alter the relative proportion of AMF propagules in the soil, leading to shifts in AMF
assemblages (Bever et al. 1996; Burrows and Pfleger 2002). Teasing apart the relative
effects of these environmental influences on AMF community composition in plant roots
would require experimental conditions where single factors are varied one by one.
However, the number of such examples is limited, as in field studies where the plant
community has been experimentally changed, other environmental parameters often co-
vary or vice versa (Vandenkoornhuyse et al. 2003; Borstler et a/. 2006; Egerton-Warburton
et al. 2007). As a consequence, the importance of individual parameters as determinants
of AMF community composition in roots remains poorly understood.

We analysed the AMF community composition in individual Jacobaea vulgaris L. (synonym
Senecio jacobaea, Pelser et al. 2006) plants growing in plots with different assembly
histories, using terminal restriction fragment length polymorphism (T-RFLP, Liu et a/. 1997;
Mummey and Rillig 2007) and cloning and sequencing. In early secondary successional
stages on relatively dry sandy soils, J. vulgarisis a characteristic plant species (Bezemer et
al. 2006a). We collected J. vulgaris plants from a long-term field experiment initiated in
1996 on ex-arable land. In this field, half the plots were sown with mid-succession
grassland plant species, whereas the other plots were left to become colonized naturally
(van der Putten et a/. 2000). Natural colonization was allowed in all plots, but the sowing
treatment has resulted in a plant community composition that diverged from unsown plant
communities (Fukami et a/. 2005), and sown plant communities possessed higher temporal
stability and lower diversity than unsown plant communities (Bezemer and van der Putten
2007). One year after starting the experiment, J. vulgaris established spontaneously in all
plots (Bezemer et al. 2006a). This enables us to analyse the influence of plant community
composition and assembly history on AMF community composition using a single plant
species that has been present for almost a decade in both the sown and unsown plant
communities.
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Here, we test the effects of plant community assembly history and spatial heterogeneity
on the AMF assemblages colonizing the roots of individual J. vulgaris plants from sown and
unsown plant communities 10 yr after their establishment. Our hypothesis was that
individual plants growing in the two types of plant communities (sown and unsown) will
have different AMF communities. In addition to our field study approach, we conducted a
glasshouse bioassay in which we grew J. wuligaris plants in homogenized soils collected
from the field plots. Homogenization of the field soil enabled us to reduce spatial variation
that may have influenced the AMF community composition in the plants collected directly
from the field. We hypothesized that in the glasshouse the community composition of AMF
in individual plants grown in homogenized field soil would not differ between the two
treatments. In this comparison, as glasshouse conditions can vyield different AMF
assemblages in plant roots, we considered the full AMF community composition as well as
that part of the community that overlapped with the community observed in the field
plants.

Materials and Methods

Study plant

Tansy or common ragwort, Jacobaea vulgaris ssp. vulgaris (synonym Senecio jacobaea L.;
Pelser et al. 2006), is a monocarpic perennial weed (Asteraceae) that spends its first year
as a rosette. Flowering may take place in the second year, but is often delayed because of
herbivory (van der Meijden and van der Waals-Kooi 1979). J. wulgaris is an early
successional plant species native to the Netherlands and Europe, but invasive in other
continents. In the Netherlands, it is considered a problem weed in abandoned arable fields
that are used for nature restoration (Bezemer et a/. 2006a), because the plant contains
pyrrolizidine alkaloids that are toxic for livestock (Cameron 1935).

Field experiment

To study the influence of the surrounding plant community and biotic conditions on the
AMF composition within individual J. vuigaris plants, we collected plants from experimental
grassland field plots that differed in plant community composition. The experimental field
is located near Ede, the Netherlands (52°04’ N, 05°45'E), in a nature restoration area on
arable land, which was abandoned in 1996. In 1996, the 0.5 ha field experiment was set
up by ploughing and sowing 0 or 15 mid-successional grassland species in plots of 10 x 10
m. There are five replicate plots for both treatments, arranged in five blocks. After sowing,
plots were left to be colonized by plant species from the seed bank and the surrounding
area. Once a year, at the end of the growing season, above-ground biomass was removed
from all plots (see van der Putten ef a/. 2000 and Bezemer et al. 2006a for further details).
The plant community characteristics of the plots sown with 15 species (sown) and
naturally colonized (unsown) treatments differed significantly and consistently over the
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years (Fukami et a/. 2005; Bezemer and van der Putten 2007; Leps et al. 2007). J. vulgaris
was not sown, but since 1997 this species has been present in varying densities in all plots
(Bezemer et al. 2006a).

Plant community

In July 2006, 10 yr after establishing the experiment, in all 10 plots we recorded the cover
of all plant species, including J. wvulgaris, in 12 permanent quadrats of 1 x 1 m. Plant
productivity was estimated by clipping all above-ground biomass at 2 cm above the soil
surface for an area of 0.25 x 0.25 m adjacent to each permanent quadrat. Above-ground
biomass was dried at 70°C and weighed. Shoots of J. vulgaris were dried and weighed
separately, and values of total and J wulgaris above-ground biomass per m? were
calculated. In all 10 plots, we also measured the plant height of 10 randomly chosen
flowering J. wulgaris plants. Vegetation recordings in the 12 permanent quadrats were
used to calculate mean species richness per m?, Shannon diversity (#”) and spatial
heterogeneity for each plot. Spatial heterogeneity of the plant community was determined
by calculating the dissimilarity (based on Bray—Curtis distance) among the 12 vegetation
surveys per plot. Heterogeneity calculations were performed using Poptools version 3.06
(Hood 2008) in Excel.

Soil chemistry

In July 2006, from each plot we randomly collected 24 soil samples (2.5 cm diameter and
15 cm depth). The 24 samples from each plot were homogenized and sieved (< 0.5 cm). A
subsample was dried for 3 d at 40 °C. In this subsample, pH, plant available P and K were
analysed in 1:10 (w/ v) 0.01 M CaCl,. Concentrations of available NH;*-N and NOs’)-N
were determined colorimetrically in the CaCl,-extract using a Traacs 800 autoanalyzer
(TechniCon Systems Inc.).

Experimental J. vulgaris plants

In July 2006, two flowering J. vulgaris plants were randomly selected in each plot. All
plants were located at least 2 m apart. Plants were removed together with the soil
underneath them (15 x 15 x 15 cm) and transported to the laboratory in individual plastic
bags. Plant height was recorded, all adhering soil and roots of other plants were removed
from the soil, and individual J. wulgaris roots were rinsed with tap water to remove
adhering soil. Approximately 100 mg of fine root material was then collected, frozen
immediately at -80°C and used for DNA extraction (Supporting Information, Methods
S6.1). Shoots were oven-dried at 70 °C and weighed.

Glasshouse bioassay

Soil collection In July 2006, field soil was gathered by randomly collecting 24 soil cores
from each plot (2.5 cm diameter, 15 cm deep). Soil samples from each plot were
homogenized to omit spatial variation present in the field and sieved (< 0.5 cm). To obtain
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sterilized soil, adjacent to the experimental field site soil from a depth of 5 — 20 cm was
collected, sieved (< 0.5 cm), homogenized and gamma-sterilized (> 25 kGray gamma
irradiation; Isotron, Ede, the Netherlands). The dry weight of each soil sample was
determined gravimetrically (24 h at 105°C). J. vulgaris plants were grown in a 7:1 mixture
(on a dry weight basis) of sterilized soil and field soil inoculum. Control plants were grown
in @ 7:1 mixture of sterilized soil and autoclaved field inoculum (autoclaved on three
consecutive days, 20 min at 121 °C) from sown and unsown plots of each block combined.

Growing conditions

Plants were grown in pots of 0.9 L with 1.16 kg soil mixture (on a dry weight basis). There
were three pots used for each field plot and those data were averaged. Therefore, we had
two treatments (sown and unsown) x five replicate field plots x three pots per field plot +
five pots with sterile soil serving as a control = 35 pots.

In order to carry out the experiment, seeds of J wulgaris plants growing in the area
adjacent to the experimental field site were surface-sterilized (30 s in 0.1% chloride
solution), rinsed and germinated on glass beads. In each pot, three 1-wk-old seedlings
were planted. Seedlings that died during the first week of the experiment were replaced.
Pots were placed randomly in the glasshouse with 70% relative air humidity, temperatures
of 21°C (day) and 16°C (night), and a 16:8 h day:night light cycle. Natural daylight was
supplemented by metal halide lamps (225 pmol s m™ photosynthetically active radiation,
one lamp per 1.5 m?). Plants were watered every other day and initial soil moisture
content (17% soil mass) was reset twice a week by watering to the original weight.

After 8 weeks, all plants were harvested. Above-ground and below-ground plant material
was separated for each pot, roots were rinsed with tap water and 0.5 g of fresh root
material was stored in 50% EtOH at 4 °C to determine mycorrhizal colonization. Also, ¢
100 mg of fine root material was collected and frozen immediately at -80 °C. For two of the
three replicates this was used for DNA extraction (Methods S6.1). The remaining plant
material was then oven-dried at 70 °C and weighed.

AMF composition in ]. vulgaris roots

To determine the AMF colonization of J. vulgaris bioassay plants, roots from the bioassay
plants were cleared for 1 h in 2.5% KOH at 90 °C in a water bath, rinsed with water and
left overnight in 1% HCI. Thereafter, roots were stained for 30 min at 60°C with 1%
Parker Ink solution, destained and stored in lactic acid:glycerol:water (14:1:1) solution.
Percentage mycorrhizal colonization was scored using gridline intersection with 100
intersections (McGonigle et al. 1990).

Molecular characterization of AMF communities
The AMF community composition in roots of J. wulgaris was determined by T-RFLP
analyses of the FLR3 /FLR4 fragments of the LSU rRNA gene (Liu ef a/. 1997; Gollotte et al.
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2004; for AMF specificity see Mummey and Rillig 2007; Kriiger et a/. 2009). This method
involves dual end-labeling of PCR amplicons and enzyme digestion of these fragments with
the restriction enzymes Alul, MboI and Tagl. Multiple enzymes were chosen to improve
the discrimination of T-RFLP and these three enzymes have been used successfully in AMF
T-RFLP analyses before (Mummey and Rilig 2007). Digestion with restriction
endonucleases yielded terminal restriction fragments (TRF) of different sizes, caused by
sequence variation. The fragments are electrophoretically separated according to size and
their presence / absence is scored. To identify the dominant community members, clone
libraries were constructed and sequenced. Twelve clone libraries from the AMF-specific
PCR amplicons were prepared for the root samples from the two plants from the sown and
unsown plots of the experimental field blocks 2, 4 and 5, using the pGEM-T vector
(Promega, Leiden, the Netherlands) and Escherichia coli JM109 High Efficiency Competent
cells (Promega). Twelve to 30 clones per library (i.e. plant root system) were randomly
selected for sequencing with the SP6 and T7 vector primers. Electropherograms of 143
successfully sequenced clones were checked in Chromas (version 1.45, Technelysium,
Australia), before the sequences were compared against those in the public databases by
BLASTN searches (http://www.ncbi.nlm.nih.gov; Altschul et a/. 1997). All nonredundant
sequences were deposited in Gen-Bank under the accession numbers F1820857-F1820960
(Fig S6.1). A more detailed description of the molecular analysis is given in the Supporting
Information (Methods S6.1).

Statistical analyses

All data were analysed using univariate (GenStat version 11.1; VSN International Ltd,
Hempstead, UK) or multivariate statistics (CANOCO version 4.55; Ter Braak and Smilauer
2002). Plot characteristics, biomass, bioassay data and number of TRFs were analysed
using linear mixed models (residual maximum likelihood, REML) with treatment (sown or
unsown) as fixed factor and block as random factor. For the bioassay, data from the three
pots with soil from the same plot were averaged before univariate analyses. Compositions
of AMF and plant community were analysed using multivariate analyses. Detrended
correspondence analysis (DCA) was used to determine whether linear (principal
components analysis (PCA), redundancy analysis (RDA)) or unimodal (correspondence
analysis (CA), canonical correspondence analysis (CCA)) analyses were most appropriate
for multivariate analyses (Lep$ and Smilauer 2003). Significances in multivariate analyses
were inferred by Monte Carlo permutation tests (999 permutations). Plant community
composition (log (7 + 1) transformed) in sown and unsown plots was compared using
multivariate linear unconstrained (PCA) and linear constrained analyses (RDA).

Terminal restriction fragment incidence data of all enzyme—dye combinations together
were analysed using unimodal multivariate analyses. Statistical analyses and results for the
separate enzymes and dyes are given in the Supporting Information (Tables S6.1 and
S6.2). Unimodal constrained analyses (CCA) were used to test for differences between
mycorrhizal communities in sown and unsown plots, and to compare mycorrhizal
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communities originating from bioassay and field. For both glasshouse and field conditions,
the two plants within each plot were analysed as split plots (not permuted) within each
whole plot (field plot; permuted freely). There was one missing value, as the AMF
community of one of the plants could not be successfully fingerprinted with the Mbol
enzyme. This plant was not included in the analyses in which all enzymes were combined.

To determine the dissimilarity in AMF communities between the two plants originating
from the same plot (or growing in the same soil in the bioassay), we submitted the data,
field and glasshouse samples separately to a unimodal unconstrained analysis (CA) and
calculated the Euclidian distance between the two samples, based on the first three axes.
The effect of sowing treatment on AMF community dissimilarity was then analysed using
linear mixed models (REML). Finally, variance partitioning (Leps and Smilauer 2003) was
carried out using CANOCO to determine if AMF community composition of the field plants
could be significantly explained by characteristics of the plant community, J. vulgaris, or
soil chemistry.

Results

Field experiment

Plant community composition in 2006 differed significantly (RDA; F = 4.951, P = 0.003,
38% explained variation) between sown and unsown plots (Fig. 6.1). Nevertheless, during
the 10 yr following establishment, in plots that were not sown, annually 91 £ 2% (mean +
SE) of the plant cover was made up by species that were also found in the sown plots
(individual plant species cover data not shown). Plant community heterogeneity Shannon
diversity and species richness were all significantly higher in unsown than in sown plots,
whereas aboveground productivity was significantly higher in sown plots (Table 6.1). In
2006, soil chemistry and the number of J. wuigaris individuals, above-ground J. wuigaris
biomass per m? and abundance did not differ between sown and unsown plots (Table 6.1).

AMF communities of field plants

Above-ground biomass of the sampled J. vu/garis plants did not differ significantly between
the two types of plant communities (sown, 3.53 £ 0.76 g per plant; unsown, 3.18 + 0.49
g per plant; F;4 = 0.15, P = 0.70). For all enzyme—dye combinations the number of TRFs
did not differ significantly between plants growing in sown and unsown plots (Table S6.1).
There was also no significant difference in the composition of TRFs between plants from
sown and unsown plots (CCA, F = 0.67, P = 0.89; see Table S6.2 for individual enzyme-
dye combinations). Of the TRFs found, 97% were found both in plants originating from the
sown and the unsown plots; 3% were found only in plants from the unsown plots.
However, the AMF communities of the two individual plants originating from the same plot
were three times more dissimilar in unsown than in sown plots (F; 4 = 22.94, P = 0.008;
Fig. 6.2A) and there was a positive relationship between plant community heterogeneity
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Fig. 6.1 Principal components analysis (PCA) of species scores of the 18 plant species with the
highest scores present in the plant communities and PCA sample scores of sown (open) and unsown
(closed) field plots. Amounts of explained variation by the first two PCA axes are given in parentheses.
Species names are: Agrostis capillaris, Arrhenatherum elatius, Cerastium fontanum, Festuca rubra,
Galium aparine, Jacobaea vulgaris, Leucanthemum vulgare, Lotus corniculatus, Phleum pratense,
Rumex obtusifolius, Taraxacum officinale, Tanacetum vulgare, Trifolium arvense, Veronica arvensis,
Vicia cracca, Vicia hirsuta and Vicia sativa. An asterisk (*) indicates species that were sown at the
start of the field experiment in 1996.

and AMF dissimilarity (F;; = 14.02, P = 0.007, R?> = 0.67). Variance partitioning showed
that AMF community composition could not be explained significantly by plant community
characteristics (F = 1.07, P = 0.32), J. vulgaris field measurements (F = 1.24, P= 0.11) or
soil chemistry (F = 1.12, P = 0.28). Analysis of partial LSU rDNA sequences from clone
libraries containing 143 AMF clones of the field-collected plants demonstrated the
specificity of the used PCR amplicons and revealed eight different clades (SchiBler et al.
2001; Fig. S6.1). All plants revealed sequences from multiple clades (Table S6.3).

Bloassay
In the glasshouse, plants grown in soil from sown plots had significantly more below-
ground biomass than plants grown in soil from unsown plots (Table S6.4). The percentage
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Fig. 6.2 Average dissimilarity (Euclidean distance) between the arbuscular mycorrhizal fungal (AMF)
communities of two plants originating from the same field plot (a) or growing in soil obtained from the
same field plot (b). Means (£SE; n = 5) are shown. ***, Significant difference between sown and
unsown plots at 2 < 0.01 based on linear mixed models (residual maximum likelihood, REML), with
treatment as fixed factor and block as random factor; ns, no significant difference.

Table 6.1 Effect of sowing treatment on plant community, chemical and Jacobaea vulgaris
characteristics in 2006. Means (+ SE) are shown for sown and unsown plots (n = 5) and results of
mixed model (REML) analyses, with treatment as a fixed, and block as a random factor.

Measurement Sown Unsown Fia P
Plant community

Spatial heterogeneity of plant community  0.37 £ 0.04 0.56 £ 0.02 14.80 0.02
Species richness (m?) 10.8£0.75 14.0 £ 0.77 10.35 0.03
Aboveground productivity (g m™?) 563 + 80.6 298 + 53.3 28.66 0.01
Diversity (Shannon H) 1.32+0.04 1.87+0.12 21.66 0.01

Jacobaea vulgaris

Abundance (%) 0.65 +0.30 3.95+1.28 6.72 0.06
Aboveground biomass (g m?) 5.80 £ 3.96 21.4+6.79 2.48 0.19
Number of plants per plot 43.4+14.4 318 + 109 5.36 0.08
Height (cm) 59.4 + 3.69 62.8 +1.39 0.52 0.51

Soil chemistry

P (mg kg?) 4774037  4.01+0.33 3.90 0.12
K (mg kg™?) 42.3+565 60.5+5.16 8.31 0.05
NO; (mg kg™ 157 +050  1.560.12 0.00 0.99
NH, (mg kg™) 0.17£0.08. 1.17+0.78 1.66 0.27
pH CaCl, 5.19+0.07  5.26+0.03 0.75 0.44
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Bioassay

CA 2 (13%)

-1

|
|
|
|
|
|
|
|
|
|
|
|
|
|
L
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1

-1 CA1 (32%) 1

Fig. 6.3 Unconstrained unimodal canonical analysis (CA) of the arbuscular mycorrhizal fungal (AMF)
community composition in Jacobaea vulgaris plants from the field (triangles) and from the glasshouse
bioassay (circles). Open symbols, AMF communities from plants from the sown field plots; closed
symbols, unsown plots. Symbols with the same number originate from the same field plot or were
grown in soil from the same field plot. AMF communities in plants from the field differ significantly
from those of bioassay plants (canonical correspondence analysis (CCA), F = 7.17, P = 0.001).
Percentages of total explained variation by CA axes are given in parentheses.

AMF colonization did not differ between the two sowing treatments, while plants in
sterilized soil remained almost completely devoid of AMF (Table S6.4). The average
number of TRFs for the different enzyme—dye combinations also did not differ significantly
between the two treatments (Table S6.1). Root samples of plants from sterilized soil did
not yield any TRFs (data not shown). As was also observed in the plant roots collected
directly from the field, the composition of TRFs in the bioassay plants was not significantly
influenced by sowing treatment (CCA, F = 1.16, P = 0.12; Table S6.2). Of the TRFs found,
98% were found in both plants originating from the sown and unsown plots, and 2% were
found only in plants from the unsown plots. However, in contrast to the field situation, the
AMF assemblages of the two replicate plants per plot were not more dissimilar in soil from
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the unsown plots than in soil from the sown field plots (Fi4 = 3.22, £ = 0.16; Fig. 6.2B).
The AMF community composition of field and bioassay plants differed significantly (CCA, F
= 7.17, P=0.001; Fig. 6.3, Table S6.5). Moreover, there was considerably more variation
in AMF composition between individual plants from the field than between plants from the
bioassay, which can be seen by a more scattered distribution of the field samples than of
the bioassay samples in the CA ordination (Fig. 6.3). Interestingly, 70% of all TRFs that
were detected were present in plants from both experiments. When the similarity analyses
were limited to those TRFs that were present in both field and bioassay plants, the pattern
remained the same (field AMF dissimilarity, sown 0.86 + 0.28, unsown 2.47 + 0.50, F; 4 =
10.11, P = 0.03; bioassay AMF dissimilarity, sown 1.77 £ 0.52, unsown 1.70 £ 0.36, F; 4 =
0.014, P=0.93).

Discussion

We studied the effects of plant community assembly history on AMF assemblages of
individual J. vulgaris plants using experimental field plots. We examined AMF in plant roots
that were directly collected from the field, as well as in roots of plants grown in
homogenized field soil under glasshouse conditions. Despite the differences in plant
community composition and assembly history of sown and unsown plant communities, we
did not detect a difference in AMF community composition and richness in J. vulgaris
plants of the sown and unsown plots, either in roots directly collected from the field or in
roots of plants grown in the glasshouse. It is important to note that we used a qualitative
method to determine AMF community composition. Hence, although we found no
difference in the presence of TRFs, we cannot exclude the possibility that there were
differences in the relative abundance of the TRFs between the treatments. Interestingly, in
plant roots collected directly from the field, the average dissimilarity in AMF community
was higher in the unsown than in the sown plant communities. The unsown plots had the
most spatially heterogeneous plant community. Moreover, the plant communities in these
unsown plots had the lowest temporal stability, because over time they had the highest
rates of extinction and colonization of species and the strongest fluctuation in productivity
(Bezemer and van der Putten 2007).

A controlled glasshouse bioassay with homogenized soil collected from the sown and
unsown plots enabled us to study the composition of AMF communities in J. vuigaris roots
under conditions without spatial variation. AMF diversity (number of TRFs) was higher in
the bioassay plants than in plants collected from the field. This could be because bioassay
plants were grown in homogenized soil, in which soil properties (e.g. mycorrhizal inocula)
were homogeneously present throughout the soil. Moreover, the bioassay plants were still
in the rosette stage, whereas the field plants were flowering. Studies on other plant
species have shown that the development stage of the host plant can alter the AMF
community (Smilauer 2001; Husband et a/ 2002). AMF communities in the roots of
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bioassay plants differed significantly from AMF communities in roots of field plants, as has
been reported in other studies (Sykorova et a/. 2007). This could be a result of the shorter
growing period of the bioassay plants, or of the soil homogenization itself. Soil disturbance
can favour colonization by fast-growing AMF (r-strategists) as discussed by Sykorova et al.
(2007). However, in our study, 70% of all TRFs that were detected were present in plants
from both experiments. Since the field plants were growing in relatively old, and not
recently disturbed plots, this suggests that the TRFs that make up this 70% do not
resemble fast colonizing AMF taxa. Analyses based exclusively on the TRFs shared by the
field and the glasshouse bioassay plants showed patterns that were similar to what we
found for analyses with all TRFs present in the field or glasshouse. This indicates that the
difference in dissimilarity found between field and glasshouse plants is not caused solely
by the presence of different TRFs resulting from changes in environmental conditions. Our
results therefore suggest that the sowing treatment caused differences in the spatial
heterogeneity of the plant community and that this, in turn, has led to increased
dissimilarity of AMF communities of individual plants growing in those communities. The
positive relationship between spatial heterogeneity of the plant community and the
dissimilarity among the AMF communities of two plant individuals supports this view.

Alternatively, it is possible that other external factors, for example, differences in resource
availability or AMF control by fungal grazers, or plant pathogen pressure may have
enhanced spatial variation of AMF community composition between individual plants in the
field. As pot experiments with a number of other plant species have pointed at direct plant
neighbour effects on the AMF community composition (Hausmann and Hawkes 2009), it is
likely that our results also apply to plant species other than J. vulgaris.

The sowing treatment resulted in plant communities with largely the same plant species,
but differing in plant community characteristics such as diversity, heterogeneity and
stability (Bezemer and van der Putten 2007). The sown plant communities were more
homogeneous and stable than the unsown plant communities (Bezemer and van der
Putten 2007). The cause of these differences is unknown. However, what we have now
shown is that individual plants from unsown communities, which are more heterogeneous
and unstable, harbour much more dissimilar mycorrhizal assemblages than plants from
sown communities. The observed relationship between instability and dissimilarity may be
either causal or consequential, something that should be determined in further studies.
Designing experiments that can separate cause from consequence will be challenging. The
observed positive relationship between mycorrhizal community diversity and plant
community diversity (van der Heijden ef al. 1998b) suggests that increased spatial
heterogeneity in plant—AMF interactions, as we observed, can ultimately influence diversity
and functioning of ecosystems.

Symbiotic interactions with AMF can buffer plants against abiotic changes or disturbances
(Smith and Read 2008). Moreover, plant—-mycorrhizal interactions have been proposed to
increase the potential for redundancy of plant species and to weaken the relationship

122



PLANT-SYMBIONT HETEROGENEITY

between plant diversity and ecosystem functioning (Johnson et al. 1996; Loreau et al.
2001). Our study does not provide direct evidence for such a feedback loop, but strongly
suggests that in the further unraveling of the relationships between plant diversity and
root symbionts, the effects of plant community characteristics, such as heterogeneity and
stability, can play a profound role.

We detected up to 26 TRFs per enzyme—dye combination in T-RFLP analyses. TRFs that
were present in less than three samples were excluded from further analyses and we were
interested in heterogeneity rather than AMF identity; however, this number could be
influenced slightly as a result of sequence heterogeneity within a single individual (Sanders
et al. 1995; Rosendahl and Stukenbrock 2004). The AMF community of individual plants
varied greatly between and within different plant communities. The diversity of TRFs and
sequences found within one individual plant suggests that plant-AMF interaction studies
carried out with only a limited set of AMF strains should be interpreted with caution,
particularly since the effects of AMF on plant growth can differ greatly between AMF
species and strains (Johnson et al 1997; Klironomos 2003; Koch et al. 2006). Earlier
microcosm and macrocosm studies have pointed out the importance of AMF community
composition for plant performance, plant community composition and ecosystem
functioning (van der Heijden et a/. 1998b). Most likely, this is not a one-way interaction. In
nature, AMF community composition and functioning are also influenced by the plant
community dynamics, so that plant and soil community composition are tightly intertwined,
as was proposed in the ‘driver/ passenger” hypothesis (Hart et a/. 2001).

In conclusion, our results show that, in a long-term field experiment, AMF communities in
plant roots were more dissimilar when collected from sown versus non-sown plant
communities. As a major difference is that the non-sown plant communities were the most
heterogeneous and the least stable over time, our results suggest that these factors may
contribute to AMF dissimilarity among root systems of individual field plants. Reduced AMF
dissimilarity among plants grown in homogenized field soil further supports this
suggestion. The awareness that experimental manipulation of plant communities in the
field, and hence plant community assembly history, can influence the AMF communities of
individual plants growing in those plant communities is important when interpreting results
from field surveys and experimental ecological studies in relation to plant—-symbiont
interactions.
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Supporting Information

Methods S6.1

Molecular characterization of AMF communities

DNA extraction: Frozen root samples of approximately 100 mg fresh weight were ground
in liquid nitrogen, using micro pestles. Total DNA was extracted with the DNeasy® Plant
Mini Kit (Qiagen, Venlo, the Netherlands) according to the manufacturer’s protocol. DNA
quantity and quality were assessed using a NanoDrop® ND-1000 UV-Vis
spectrophotometer (NanoDrop Technologies, Delaware, USA) and agarose gel
electrophoresis.

PCR and enzymatic restriction: The 5-end of the LSU rRNA genes of AMF was amplified
using a nested PCR approach with the universal fungal primer pair LR1/FLR2 (Trouvelot et
al. 1999; Van Tuinen et al. 1998) and the AMF-specific labeled primer pair FAM-FLR3/NED-
FLR4 (Gollotte et al. 2004). The first PCR reaction contained 13.75 pl milli-Q water, 2.5 pl
PCR buffer with MgCl, (10 uM), 2.5 pl of 10 uM primer LR1 and FLR2 each, 2.5 yl dNTP's
(10 pM), 0.125 pl BLOTTO (10% w/v fat-free milk powder), 0.125 pl Tag polymerase (5U
pl?, HotStart Taq Plus, Qiagen) and 1 pl total DNA extract. For PCR amplification PTC-200
DNA Engine Thermal Cycler PCR machines (MJ Research, MA, USA) were used with the
following settings: 5 min at 95 °C, 35 cycles of 30 s at 94 °C, 40 s at 58 °C and 70 s at 72
°C, followed by 7 min at 72 °C before cooling. The second PCR reaction contained 16.875
pI milli-Q water, 2.5 pl PCR buffer with MgCl, (10 uM), 0.18 pl primer FAM-FLR3 (10 uM),
0.5 pl primer NED-FLR4 (10 pM), 0.32 pl primer FLR3 (10 uM), 2.5 pl dNTP's (10pM),
0.125 pl BLOTTO, 0.125 pl Taq polymerase and of 1 pl 1:100 times diluted PCR product
from the first reaction. Thermal cycling conditions were: 5 min at 95 °C, 25 cycles of 30 s
at 94 °C, 40 s at 54 °C and 60 s at 72 °C, followed by 15 min at 72 °C before cooling. PCR
product presence and quality were verified on 1.5% agarose gels prior to restriction
digestion.

T-RFLP analyses. Three restriction enzymes, Alul, Mbol, and Tagl (New England Biolabs,
Ipswich, MA, USA), were used to digest dual end-labeled DNA amplicons. A mixture
containing 3.6 pl ddH,0O, 1 pl buffer, 0.1 pl Bovine Serume Albumin, 5 pl PCR product and
0.3 pl restriction enzyme was incubated at 37 °C (Alul and Mbol) or at 65 °C (Taql) for 3
hrs, after which enzymes were inactivated by heating to 94 °C for 3 min.

Restriction products were sodium acetate/ethanol-purified, using glycogen as co-
precipitant, according to Beckman Coulter's protocol (A-2035A, 2005). After purification
the pellets were dried at 37 °C for 30 min and resuspended in 10 pl Milli-Q water by
vortexing shortly and moderate shaking for 1 hr. 7 pl HiDi Formamide (Applied Biosystems,
Foster City, Ca, USA) with 1:600 diluted internal size standard (GeneScan™-500 LIZ,
Applied Biosystems) were mixed with 2 pl of the 1:12 diluted purified digestion product.
DNA fragments were denaturated for 3 min at 95 °C and shock cooled in icy water.
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Fragment length polymorphism analysis was performed on an automated 3130 Genetic
Analyzer sequencer (Applied Biosystems) with POP-7™ polymer (Applied Biosystems),
injection time of 16 s, the dye set G5, injection at run temperature of 60°C, and voltage of
1.2 kV. TRF sizing was carried out in GeneMapper Software 4.0 (Applied Biosystems) from
where the raw data with minimal relative fluorescence intensity (rfu) of one in the size
range of 40-480 bp was exported. Samples which were over- (highest peak > 10,000 rfu)
or under loaded (highest peak < 400 rfu) were re-run with a different concentration.

T-RFLP data analyses: The program T-REX (Culman et a/. 2009) was used to process the raw T
-RFLP data. Background noise was statistically subtracted from the TRF signals by applying a
standard deviation multiplier of 4 to the peak heights. Peaks were aligned to TRFs among the
samples by applying a clustering threshold of 0.5 bp and allowing multiple peaks in one TRFs.
TRFs present in less than three samples were excluded from all further analyses.

Clone libraries: Twelve clone libraries from the AMF-specific PCR amplicons were prepared
for the root samples from the two plants from the sown and unsown plots of the
experimental field blocks 2, 4 and 5, using the pGEM-T vector (Promega, Leiden, the
Netherlands) and Escherichia coli JM109 High Efficiency Competent cells (Promega).
Twelve to 30 clones per library (i.e. plant root system) were randomly selected for
sequencing with the SP6 and T7 vector primers. Electropherograms of 143 successfully
sequenced clones were checked in Chromas (vers. 1.45; McCarthy, 1996-1998), before the
sequences were compared against those in the public databases by BLASTN searches
(http://www.ncbi.nIm.nih.gov; Altschul et a/. 1997). All non-redundant sequences were
deposited in GenBank under the accession numbers F1820857 - F1820960.

Phylogenetic analyses: The sequences were aligned with reference sequences of AMF
isolates in Clustal X (version 1.83, Thompson et a/. 1997). MacClade (version 4.08, Sinauer
Associates, Sunderland, MA, USA) was used for manual adjustments and exclusion of
ambiguously aligned regions. The most appropriate sequence evolutionary model was
determined in ModelTest (version 3.7, Posada and Crandall 1998) and used for
constructing a distance neighbor joining tree (10,000 bootstraps) in Paup*4b10 (Swofford
2003) and to make Bayesian phylogenetic inferences (3,000,000 generations) in MrBayes
(version 3.1.2, Ronquist and Huelsenbeck 2003). A maximum likelihood phylogenetic
analysis was performed with PhyML 2.4.4 (5,000 bootstrap replicates) (Guindon and
Gascuel 2003). Tree topologies were compared for consistency.
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Table S6.1 Mean (£ SE) (a) number of AMF specific TRFs found in individual plants growing in sown
and unsown plots, and (b) Euclidean distance between the AMF community compositions of the two
plants originating from one plot. Shown are results per enzyme (Alul, MboI and TaqI) and dye (FAM
and NED) in Jacobaea vulgaris roots. Results of linear mixed models (REML) (Fy,10 and A) for field and
bioassay plants are shown, with treatment (sown or unsown) as fixed and block as random factor.

(&) number  Assay Sown Unsown F P
Field Alul — FAM 9.2+0.8 9.8+0.9 0.93 0.50
Alul — NED 54+0.6 6.5+0.6 2.18 0.14
Mbol — FAM 16.0+1.2 142+18 1.08 0.43
Mbol — NED 229+13 179+19 1.20 0.38
Taqgl - FAM 11.2+1.6 13.2+1.2 3.35 0.05
Tagl — NED 9.6+17 122+15 1.69 0.22
Bioassay Alul — FAM 150+1.1 124+14 1.19 0.38
Alul - NED 79 + 05 7.3 £ 0.8 0.64 0.68
Mbol — FAM 231+11 249+14 1.01 0.95
Mbol — NED 234+14 26.5+15 0.73 0.62
Tagl - FAM 19.2+15 205+1.3 3.18 0.06
Tagl — NED 205+14 23.4+1.1 6.77 0.01
(b) distance  Assay Sown Unsown F P
Field Alul — FAM 1.14 £0.45 1.98 £0.25 2.18 0.16
Alul — NED 0.90 + 0.30 2.67+0.43 9.37 0.04
Mbol — FAM 0.83+0.21 2.92 +£0.58 7.01 0.08
Mbol — NED 1.41+0.35 295+041 10.43 0.05
Taqgl - FAM 1.16 £0.21 2.07£0.53 2.23 0.21
Tagl — NED 1.90 £0.39 2.25+0.52 1.65 0.30
Bioassay Alul — FAM 1.53+0.47 247 +0.21 5.07 0.09
Alul - NED 1.65+0.43 2.84 £0.07 9.01 0.04
Mbol — FAM 2.03+0.48 2.81+0.12 1.89 0.26
Mbol — NED 1.62 +0.37 2.45+0.42 0.96 0.40
Taqgl - FAM 1.85+0.32 2.55+0.65 1.82 0.24
0.93
Tagl — NED 2.12+0.68 2.21+£0.40 0.01
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Table S6.2 Results of Monte Carlo permutation tests (999 permutations) on canonical
correspondence analyses (CCA) analyses comparing AMF community composition in Jacobaea vulgaris
plants growing in sown and unsown plots in the field, or in soil collected from sown and unsown plots
in a greenhouse bioassay. The two plants per plot were analysed as split-plots within each whole plot
(field plot).

Field Bioassay

F P F P
Alul - FAM 0.37 0.99 1.93 0.08
Alul - NED 0.52 0.85 1.88 0.12
Mbol — FAM 0.52 0.91 1.23 0.28
Mbol — NED 0.57 0.93 1.40 0.85
Tagl - FAM 1.08 0.66 1.09 0.49
Taqgl — NED 141 0.28 1.95 0.14
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Table S6.3 Overview of (a) the clades (Fig. S6.1) from which sequences were present in the
investigated plants (A or B) from the three (2, 4 or 5) sown and unsown plots, and (b) the number of
TRFs found for the different enzyme/dye combinations for these plants. Presence of a sequence of the
specified clade in the plant is indicated with *x'.

[€)) Clade 1l Clade2 Clade3 Clade4 Clade5 Clade6 Clade7 Clade8
Sown 2A X X X X
2B X X X
4A X X
4B X X X X
5A X X
5B X X
Unsown 2A X X X X X X
2B X X X X
4A X X X X X
4B X X X
5B X X X X
®) Alul — Alul — Mbol—  Mbol-  Tagl-— Taqgl —
FAM NED FAM NED FAM NED
Sown 2A 5 3 18 21 12 8
2B 9 6 18 21 9 6
4A 10 5 20 24 17 18
4B 14 9 19 20 19 18
5A 9 7 11 20 7 4
5B 10 6 20 28 9 7
Unsown 2A 8 7 15 18 15 14
2B 11 7 18 19 12 6
4A 12 5 17 24 15 18
4B 3 4 2 4 4 4
5B 10 9 9 18 13 12
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Table S6.4 The effect of soil treatment (inoculation), in the bioassay, on above- and belowground
biomass (g pot?), and AMF colonization (%) of Jacobaea vulgaris. Shown are means (+ SE) and
results of a linear mixed model (REML) with treatment (sown or unsown) as fixed, and block as
random factor. Soil was collected from sown and unsown field plots, and control soil consisted of a
sterilized (gamma irradiated) mixture of sown and unsown soil. Within rows, means followed by the
same letter are not significantly different.

Measurement Sown Unsown Control F P df
Aboveground DW 2.03+0.06a 1.96 +0.08a 2.24+0.13a 1.27 0.36 10
Belowground DW 5.80+0.22a 4.57 £0.38a 5.64 £ 0.26a 1.15 0.42 10
AMF colonisation 42.0£9.9a 39.3%2.4a 7.7+0.5b 8.81 0.01 8

Table S6.5 Results of Monte Carlo permutation tests (999 permutations) on canonical
correspondence analyses (CCA) analyses comparing AMF community composition in Jacobaea vulgaris
plants from the field and bioassay. The two plants per plot were analysed as split-plots within each
whole plot (field plot).

F P
Alul — FAM 5.403 0.001
Alul — NED 7.435 0.001
Mbol — FAM 5.668 0.001
Mbol — NED 10.728 0.001
Tagl — FAM 5.860 0.001
Tagl — NED 10.114 0.001
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Fig. S6.1 Phylogram derived of partial 285 rDNA sequences (259 aligned sites, Model test-AIC:
GTR+G, 10.000 bootstrap pseudoreplications). Sequences were generated from Jacobaea vulgaris
root DNA root extracts, using a nested PCR approach with the primer pairs LR1/FLR2 and FLR3-FLR4.
Sequences are given with accession number (GenBank), and plant origin (number indicates field
block), sowing origin (US is unsown and S is sown plots) and the number of times a particular
sequence was found in the same clone library (2x — 6x). Reference sequences were obtained from
public sequence databases and are given with their accession numbers, species name and, when
present, clone identity (B = BEG). Branch topology wee derived from neighbor joining (NJ), NJ and
PHYML-analyses support values of the resolved phylogroups are given at nodes (NJ/PHYML).
Taxonomic clades were numbered and their affiliation to the Glomus groups as defined by SchiiBler et
al. (2001) is indicated within dashed brackets. User-defined clades, based on support values are
indicated within solid brackets.
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Discussion and synthesis
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DISCUSSION & SYNTHESIS

The main aim of this thesis was to investigate the importance of individual plant-soil
interactions in a plant community. I used Jacobaea wvulgaris ssp. vulgaris (synonym
Senecio jacobaea), which is an early successional plant species native to the Netherlands. I
studied the importance of plant-soil interactions for the performance and population
dynamics of J. wulgaris. 1 studied both the interactions between J. vulgaris individuals and
between J. vulgaris and co-occurring plant species. I also studied other processes that can
influence the performance and dynamics of J wulgaris during different stages of
succession in old-fields in the Netherlands. An overview of these processes and their
relative importance during old-field succession is given in Fig. 7.1. Based on the results of
Chapter 2 - 6, the importance of the processes in Fig. 7.1 is shown for two stages of old-
field succession: before J. vulgaris has reached peak abundance (‘before peak abundance’)
and from the moment J wulgaris reaches peak abundance and onwards (‘after peak
abundance”).

In addition, I examined the effect of the surrounding plant community on plant-symbiont
interactions of individual J. vulgaris plants. In this chapter I will discuss and synthesize the
main findings of my thesis research and propose some directions for future research and
implications for management.

Jacobaea vulgaris in old-fields

In ten old-fields I studied the population dynamics of J. vulgaris. These ten fields form a
chronosequence, ranging from 2 to 25 years, of agricultural land abandonment (Chapter
2). J. wulgaris cover peaked about 5 years after land abandonment, hereafter cover
declined again. Such a boom-burst pattern is common for early successional plant species
(OIff and Bakker 1991; Meiners et al. 2009). The fields of the chronosequence show some
field-specific differences, which can be due to differences in agricultural practices, such as
crop growing and fertilization schemes, differences in soil physical conditions or differences
in the degree of isolation of the fields and the composition of the local species pool (Kardol
2007).

Overall, J. wvulgaris cover in the chronosequence fields corresponded largely with cover
measured over time at the long-term experimental field site (Chapter 2). The similarity
between the chronosequence and the experimental field site justifies the use of soil
samples collected from the chronosequence fields to disentangle the processes underlying
the temporal pattern in J. vulgaris cover (e.g. Johnson and Miyanishi 2008).
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Before J. vulgaris peak cover

Seed dispersal

— Local seed

/\production

. Competition
Plant-soll Soil
feedback
effect
(Autotoxicity)

After J. vulgaris peak cover

Seed dispersal

Local seed
production
f\ +

—,  Competition

G == - -

Plant-sail

feedback Seed Establishment

(Autotoxicity)

J.vulgaris Neighbouring plant

Fig. 7.1 Overview of the studied interactions that determine the performance and population
dynamics of Jacobaea vulgaris. The importance of the processes is shown ‘before peak cover’ and
‘after peak cover’. Arrows indicate the processes. The thickness of the arrow indicates the importance
of the process. Dashed arrows indicate indirect effects. A positive effect on J. vulgaris is indicated by
(+) and a negative effect on J. vulgaris by (-).
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Seedling recruitment and J. vulgaris dynamics

The population size and development of a plant species is largely determined by its seed
production, the availability and dispersal of seeds, and by subsequent germination and
establishment rates (Chapin ef a/. 1994; Anderson 2007). These characteristics can be
affected by soil conditions and by the plant community (van der Heijden et al 2004;
Wardle et a/. 2004). The results of Chapter 2 showed that these processes are not equally
important during old-field succession (Fig. 7.1). The percentage germination was generally
high for seeds from all fields and did not differ with time since abandonment, suggesting
that germination does not restrict J. vuigaris populations. However, seed availability in the
soil seed bank differed considerably between fields. In the youngest fields, the number of
seeds was low, probably due to the low number of J. wu/garis plants in the field. At this
stage population development may be limited by seed dispersal. Earlier work at old fields
in the same area has shown that plant community development during the initial stages
following land abandonment is mainly dispersal limited, and that colonization greatly
depends on what is available in the local species pool (Kardol et a/. 2008; 2009).

Seed availability in older fields was not limiting, as the number of seedlings that emerged
from the seed bank during regular disturbance of the soil was much higher than the actual
number of J. vulgaris plants in the field. J. wulgaris seeds only germinate when they are
close to the surface. Therefore, disturbances are needed to bring seeds closer to the
surface and improve their germination chance (van der Meijden and van der Waals-Kooi
1979). This suggests that in older fields not the availability of viable propagules (e.g.
Tilman 1997, Ozinga et al 2005), but the absence of disturbances was limiting plant
abundance (van der Meijden and van der Waals-Kooi 1979). In addition, based on a turf
sowing experiment, seedling establishment was strongly limited in the fields where J.
vulgaris had already reached its peak abundance (Chapter 2). This was presumably due to
the lower availability of bare ground and subsequent competition by neighbouring plants
(Fayolle et al. 2009; Chapter 2). These observations correspond with the work in Dutch
dunes by Prins and Nell (1990). They showed that herbivory by rabbits indirectly
stimulated J. vulgaris germination and growth. The gaps create opportunities for J. vulgaris
to establish and in these gaps development is not limited by surrounding vegetation.

The finding that in older fields successful establishment is limited by the absence of bare
ground and by subsequent competition with the surrounding plant community implies that
interspecific competition between neighbouring plants and J. wvulgaris becomes stronger
and more important when time since abandonment proceeds. Subsequently, the creation
of disturbed, open gaps that can be colonized becomes more important with time since
abandonment (Fig. 7.1).
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Plant-soil interactions and 1. vulgaris plant performance

Plants can affect the performance of other individuals of the same species via their effect
on the soil by plant-soil feedback (Bever et a/. 1997). In Chapter 2 I tested the hypothesis
that the decline in J. vulgaris cover with time since abandonment would coincide with the
development of a negative plant-soil feedback. Indeed, J. wu/garis performance was
strongly reduced in soil that was conditioned by J. vulgaris, but the growth reduction was
neither related to time since abandonment nor to J. vu/garis cover in the field. Opposite to
what we had expected, in soils from all stages of the chronosequence a strong negative
soil feedback to J. wulgaris developed and the buildup of the net soil effect occurred
already in a period shorter than a growth season. Hence, the establishment of a strong
negative soil effect is typical for J. vulgaris and less depending on successional stage. We
had expected that increased J. vulgaris abundance would have caused a legacy effect in
the soil leading to greater soil feedback, which we supposed to strongly reduce the
performance of subsequently establishing J. vu/garis plants. Indeed, the level of potential
control by the soil community was positively related to J. wwuigaris density in the field
(Chapter 2). This suggests that in fields with a higher density of J. vwigaris plants, newly
establishing J. vuigaris plants are more likely to encounter soil that is already conditioned
by J. wulgaris. The development of such a negative feedback by an early successional
species can accelerate the replacement of this species by later successional species (Kardol
et al. 2006). In addition, a negative plant-soil feedback can enhance the performance of
neighbouring plant species, by reducing the competitive ability of J. vu/garis (Bever et al.
1997; Bever 2003; Fig. 7.1).

In old-fields interspecific plant-soil interactions with neighbouring plants may also play a
significant role (Fig. 7.1). Indeed, the results of Chapter 3 show that plants, via their
legacy effect on the abiotic and, especially, the biotic component of the soil can create
priority effects due to facilitation or inhibition of the growth of other plant species,
including later successional ones. These interspecific plant-soil interactions between J.
vulgaris and neighbouring species were not equal in strength. Overall, the effect of
neighbouring species on J. vulgaris was more growth limiting than the reciprocal effect of
J. vulgaris on the neighbouring species. As a consequence of this asymmetric relationship
the successional replacement of J. wulgaris could be enhanced. Thus, these results on
interspecific plant-soil interactions show that it is important to study plant-soil interactions
in a community context and to include neighbouring species as they can also change the
performance of the studied species. Similar to what we found for successional
replacement, interspecific plant-soil interactions and priority effects may also play an
important role in other contexts, such as exotic invasions.

In Chapter 3, I calculated a weighted feedback effect of the plant community directly
surrounding a J. wulgaris plant. These data showed that with time since abandonment
species that can cope well with soil conditioned by J. vulgaris increased. As far as I am
aware, no other study has calculated a weighted community feedback effect. There are
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some unanswered issues concerning calculating such a community feedback: Is
aboveground relative cover a proper measure for belowground presence, and is this
belowground relative presence a measure for a species’ effect on the community feedback
effect? Further, on which spatial scale should such a community effect be calculated and
how long does it take for the plant community to respond? The spatial scale at which soil
organisms operate is not known but most likely rather small (Ettema and Wardle 2002).
Moreover, is the soil effect created by a plant growing with conspecifics similar to the
feedback effect of that species when it is growing with heterospecifics plants? Bezemer et
al. (2010) reported that the plant community in which a plant is growing can determine
the composition of its soil community. Validating a weighted community feedback with
experiments at different spatial scales and with multiple species would help to answer
these questions and will improve our knowledge of community feedback effects.

The main growth reducing agent(s) in the soil could be sieved out by a mesh size of 20
um, as J. vulgaris performance in pots inoculated with the microbial fraction did not differ
from the biomass produced in pots inoculated with the sterilized microbial suspension
(Chapter 4). The microbial suspension did not contain micro-arthropods, nematodes, or
mycorrhizal fungi, and other organisms larger than 20 um, whereas it should contain soil
bacteria and fungi (Ames et a/. 1987; Klironomos et al. 1993; Bardgett 2005). In the
bioassay studies (Chapter 2) plant-feeding nematodes were almost absent in J. vuigaris
roots, which could be due to the negative effects of pyrrolizidine alkaloids on plant
parasitic nematodes (Thoden ef a/ 2009ab). Hence, a strong negative effect of plant-
feeding nematodes on J. vuigaris in the field is not to be expected.

Autotoxicity and J. vu/garis plant performance

Chemicals that plants release into the soil can affect the performance of individuals of
other species, called allelopathy, or individuals of the same species, called autotoxicity
(Bardgett et a/. 1999, Kulmatiski et a/. 2008; Berg and Smalla 2009; Fig. 7.1). The results
of Chapter 5 showed that the substrate in which J. vu/garis plants were growing, the type
of plant extract, and the extract concentration are important determinants of the autotoxic
effect. Unlike seedlings growing in soil that received aqueous tissue extract, the growth of
seedlings growing in soil mixed with root fragments was reduced. This process can be
important in the field, for example, when seeds germinate in spots left by J. vu/garis plants
that have died (McEvoy 1984). In addition, root morphology of the seedlings that grew in
water with J. vu/garis root fragments had changed. These alterations can eventually limit
seedling performance and fitness (van der Putten ef a/ 1989) and may reduce plant
performance on the longer term. Although Ahmed and Wardle (1994) showed that
allelochemicals excreted by J wulgaris can have allelopathic effects against pasture
species, in a later study Wardle et al/. (1995) found no allelopathic inhibition on these
species anymore. They propose that negative effects were cancelled out by the beneficial
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effect of J. vulgaris, which is in accordance with the positive soil effect of J. vu/garis on co-
occurring species in Chapter 3. Overall, only few autotoxic effects were found when
seedlings were grown in soil, which suggests that autotoxicity does not play an important
role in the decline of J wulgaris abundance in old-fields and growth reduction in
greenhouse experiments.

Symbiont interactions in a plant community

The composition of AMF that colonize plant roots is strongly determined by environmental
conditions (Vandenkoornhuyse et a/. 2003; Hawkes et al 2006; Hausmann and Hawkes
2009; Dumbrell et al. 2010). I showed that plant community assembly history influences
the AMF assemblage dissimilarity between individual plants in those communities (Chapter
6). The question how the surrounding plant community and its history can determine AMF
communities colonizing plants has been raised recently by several other studies. These
studies point at multiple mechanisms that may underlie the importance of assembly history
for AMF communities (Chapter 6). In line with the results of Chapter 3, Hausmann and
Hawkes, (2010) recently showed that priority effects can shape AMF communities. They
showed that the order of establishment of the host plant and neighbouring plants can alter
the composition of the AMF that colonize plant roots. Depending on the duration of these
effects, this can have consequences for plant performance and dynamics (Hausmann and
Hawkes 2010).

In Chapter 6 we used plant communities that established after initial sowing or not sowing.
Sown plots were all sown with a mixture of 15 mid-successional plant species at the start
of the field experiment and then subjected to natural plant community development. In
contrast, the unsown plots were left bare to be colonized from the seed bank and the
surrounding area (van der Putten et a/. 2000). These sowing treatments led to long-term
differences in diversity, stability and richness of the plant communities (Bezemer and van
der Putten 2007). Fukami et a/. (2005) showed that the treatments at the experimental
field site diverged from each other after sowing, which was suggested to be due to
assembly rules and priority effects. Differences in arrival time have been part of this
process, which can change the AMF community composition colonizing plant roots
(Hausmann and Hawkes 2010). Species arrival in the unsown plots was less controlled and
could explain the higher AMF heterogeneity in these plots.

The identity of neighbouring plant species can affect AMF community composition
colonizing the host plant (Mummey et a/ 2005; Hausmann and Hawkes 2009). At the
experimental field, 91% of the plant species was present in both sowing treatments
suggesting that plant community composition per se is not driving the effect observed in
Chapter 6. Community assembly can also change plant community diversity. Recently,
Kivlin and Hawkes, (2010) showed that plant diversity can be an important driver of fungal
communities as well. Kdnig et a/. (2010) showed that AMF diversity was also related to
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plant species richness, more so than to soil parameters. In Chapter 6, plant species
richness was higher in unsown plots, however AMF diversity was not higher in these plots.
This could be because J. wvulgaris is difficult to be colonized by soil organisms, such as
nematodes (Thoden ef al. 2009ab). This may also be true for AMF, such that only a
selected group of AMF may colonize J, vulgaris. However, J. vulgaris plants were highly
colonized with AMF (Chapter 6), and AMF diversity as measured by T-RFLP was in the
same range as reported for other species (e.g. Mummey et a/. 2005). Although the exact
mechanism causing the effect of community assembly history on AMF communities
colonizing individual plants is not clear, our results show that it is important to include the
plant community and its assembly history when studying plant-symbiont interactions.

Community assembly history can influence the AMF community colonizing individual plants,
but the same process could also happen in the case of other soil organisms colonizing
plant roots, such as plant-feeding nematodes or fungal pathogens. Combining the results
of Chapter 6 with the results of Chapters 2-5 suggests that a feedback loop can occur if
the plant community alters individual plant-soil organism interactions (Fig. 7.2, arrows a),
which could in turn affect the performance and competitive strength of that plant and the

Focal plant
with symbionts
Neighbouring — _ MNeighbouring
plants Ve plants

plant-symbiont interactions of the focal plant (a). The altered plant-symbiont interaction can change
the performance of the focal plant (b). This can affect the competitive strength of that plant or
abundance of that species (c), which in turn can alter plant community composition.
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abundance of that plant species (Fig. 7.2, arrow b). This, in turn, can alter plant
community composition and dynamics again (Fig. 7.2, arrows c¢; e.g. van der Heijden et al.
1998a). This effect on plant community composition could involve both aboveground and
belowground processes, such as competition or plant-soil interactions respectively. These
changes in diversity (Kivlin and Hawkes 2010; Konig et a/. 2010), composition (Mummey et
al. 2005), assembly history, and heterogeneity (Chapter 6) of the soil community may then
subsequently affect the performance and plant-symbiont interactions of individual plants.
Thus, my results provide further evidence that plant-soil biotic interactions need to be
considered from a spatial perspective, also including the surrounding plant community.

Implications for management

The results of this thesis can also be used to improve management practices to control J.
vulgaris. The management tools that should be used differ between different stages of J.
vulgaris abundance (Table 7.1).

Immediately after ending agricultural practices or after the establishment of the pasture,
there is ample bare soil available for J. wulgaris to colonize. In these early stages, the
number of J. vulgaris plants in the field is still low as establishment is mainly limited by
seed availability (Table 7.1: Seedling recruitment). Management in this phase should focus
on preventing J. wvulgaris seeds to reach the field, for example, from nearby J. wvulgaris
populations. This can be achieved by mowing J. vulgaris plants in the surrounding areas
before they set seed. In addition, as long as local seed production is low, the soil seed
bank will develop slowly. Removing, J. vulgaris plants in the field, by grazing or manual
removal, will prevent the formation of a soil seed bank from which J. vulgaris plants can
establish later on.

In the mean time, other plant species can establish and form a dense vegetation cover.
The formation of a closed vegetation cover will make it difficult for J. wvu/garis seeds to
enter and become established. Creating a closed vegetation cover by sowing grassland
species will also make it more difficult for J. vulgaris to establish and become dominant
(Bezemer et al. 2006a). From the moment a closed vegetation cover has formed, it is
important to avoid disturbances because they create new colonization opportunities for J.
vulgaris. These disturbances can be, for example, due to overgrazing, herbivory,
burrowing animals, or agricultural machines.

Once J. vulgaris plants have colonized the field they start producing seeds. Due to the local
seed production seed availability in the field is not limiting anymore (Fig. 7.1 & Table 7.1:
Plant-soil interactions). Because the soil is not yet conditioned by J. wwigaris and seed
availability is not limiting anymore J. wvulgaris performance and abundance can increase
rapidly. However, this will only happen when other plants have not yet created a dense
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vegetation cover, and when there is still space left to be colonized by J. vulgaris, e.g. bare
ground. A consequence of the increase in J. wulgaris abundance is that more soil is
conditioned by J. vulgaris and a negative plant-soil effect can build up (Table 7.1: Plant-
soil interactions).

From the moment J. vuigaris plants have colonized the field management should make use
of the negative soil effect, which can be formed in less than a growth season. This means
that J. wulgaris plants (including roots and soil) should not be removed anymore, as this
prevents the buildup of the negative soil effect. Instead, management should focus on the
formation of the negative soil effect and on preventing seed set and dispersal towards
nearby bare fields. This can be done by mowing or sheep grazing. Mowing and grazing do
not disturb the creation of a negative soil effect in the field, as rosette plants can also
create a negative soil feedback, while at the same moment allowing the creation of a
negative soil effect. Again, herbivores should not trample the soil as this will create new
colonization opportunities for J. vulgaris.

Table 7.1 Overview of the mechanisms that are important for the performance of Jacobaea vulgaris
and their importance at the different stages of population dynamics: before peak abundance and after
peak abundance. A negative effect on J. vu/garis performance or population size is represented by (-),
a positive effect by (+), no effect by (0), and an unknown or unclear effect by (+/-). Management in
each stage should focus on the processes that reduce J. vu/garis performance and abundance.

Before peak  After peak

abundance abundance

Seedling recruitment  Seed quality + +
Seed availability - +
Germination + +
Establishment + -
Dispersal - o]
Absence of disturbance (o] -
Competition effect on establishment o] -
Soil nutrients Nutrient availability + +
Allelochemicals Autotoxicity o] o]
Allelopathy o] +/-
Plant-soil interactions  Plant-soil feedback (J. vulgaris- J. vulgaris) ol/- -

Plant-soil interactions (neighbours — J. vulgaris) o/- -
Plant-soil interactions (J. vulgaris — neighbours) o/- -

Competition effect on performance o] -
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Directions for future research

Here, I would like to point out a number of topics that I consider of great importance and
that will assist in gaining a better understanding of individual plant-soil interactions in plant
communities.

1. Study plant-soil-plant interactions

During my thesis research I studied different plant-soil interactions that J. wu/garis is
exposed to and that are caused by individuals from the same and other species, e.g. (in)
direct intra- and interspecific plant-soil interactions. In the field however, these plant-soil
interactions co-occur simultaneously and interact with other plant-plant interactions, such
as competition, facilitation and priority effects. In order to understand the relevance of the
different plant-soil interactions and their combined importance for population dynamics in
plant communities, these plant-soil and plant-plant interactions should be studied
simultaneously.

2. Incorporate plant-soil interactions in population dynamics models

Plant populations can be modeled to enhance our understanding of their dynamics
(Hoffmann 1999; Caswell 2001; Jongejans et al. 2006). Often these population models do
not include plant-soil interactions, even though they can be important drivers of population
dynamics. Including plant-soil interactions in plant population models could help to study
the importance of plant-soil interactions for the population dynamics of J. wuligaris and
other species.

3. Incorporate spatial dynamics in the field

Soil conditioning by J. wulgaris creates a negative soil effect (Chapter 2). One way for
plants to escape from a negative soil effect is by occurring in shifting mosaics (OIff et al.
2000; Blomqvist et al. 2000), which is a feature that can be observed for J. vuigarisin the
field (van der Meijden 1971; TFJ van de Voorde, personal observation). The occurrence in
shifting mosaics could explain why J. vulgaris can become so abundant even though it
experiences a strong negative plant-soil feedback. However, by using mixed field soil, I
could not test the importance of these spatial dynamics. Including within-field variation will
give more information about the dynamics of J wulgaris and could help explain the
observed field-specific differences (Chapter 2).
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DISCUSSION & SYNTHESIS

4. Autotoxicity and allelopathy under ecological conditions

Allelopathy and autotoxicity have been studied frequently, but often with an artificial
experimental set up, such as artificial extraction techniques, substrates or an irrelevant
species choice for ecology or agriculture. This artificiality makes it hard to translate the
results of these experiments to the field. Investigating autotoxicity and allelopathy under
field conditions can help us to learn more about the consequences of allelochemicals for
plant performance and population dynamics in old-fields.

5. Incorporate disturbances

In the Veluwe region, wild boars, Sus scrofa, are abundant. They grub the soil to find
food. While grubbing, they disturb the soil and plant community and create gaps in the
vegetation. These gaps are perfect locations for J. wulgaris to colonize and establish
(Chapter 2; van der Meijden and van der Waals-Kooi 1979), even in dense later-
successional fields. The consequences and implications of wild boars on J wulgaris
abundance and dynamics in the Veluwe region requires more attention.
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Nederlandse samenvatting

In Europa zijn de laatste decennia veel landbouwgronden uit productie genomen om ze
om te vormen tot semi-natuurlijke graslandecosystemen. Deze transitie wordt secundaire
successie genoemd en deze gebieden oude landbouwgronden. Gedurende secundaire
successie komen en gaan individuele plantensoorten. Veel van deze soorten komen op,
hebben een piek in bedekking en nemen dan weer af waarna hun plek wordt ingenomen
door een andere soort. De prestatie en bedekking van de individuele soorten wordt
beinvioed door terugkoppelingsmechanismen tussen de abiotische en biotische kenmerken
van de bodem en de plant. Dit betekent dat planten en de plantengemeenschap als geheel
de bodem kunnen veranderen en dat deze veranderingen in de bodem op hun beurt weer
grote gevolgen kunnen hebben voor de planten. Het doel van dit onderzoek was 1. het
begrijpen van het belang van plant-bodeminteracties voor de populatiedynamiek van een
vroege successie-soort gedurende secundaire successie in oude landbouwgronden; 2.
Daarnaast bestudeerde ik hoe de samenstelling van de plantengemeenschap de relatie
tussen individuele planten en bodemsymbionten in de gemeenschap kan beinvioeden. Ik
gebruikte voor dit onderzoek de plantensoort Jakobskruiskruid, Jacobaea vulgaris ssp.
vulgaris, omdat deze plant een groot effect kan hebben op vroege-successie
plantengemeenschappen in Nederland.

Allereerst bestudeerde ik de populatiedynamiek van Jakobskruiskruid in tien oude
landbouwgronden. Deze velden verschillen in het moment dat ze uit productie genomen
zijn (2 tot 25 jaar geleden), maar hebben verder vergelijkbare geschiedenis en
karakteristieken. Daardoor vormen ze een chronosequentie van uit-productiename. De
bedekking met Jakobskruiskruid in de velden piekte ongeveer 5 jaar na uit-productiename,
waarna de bedekking snel weer afnam. Ik testte de hypothese dat de achteruitgang van
Jakobskruiskruid komt door de opbouw van een negatief plant-bodem effect (plant-bodem
feedback). Ik testte het effect van de bodemgemeenschap op de prestatie van
Jakobskruiskruid in een kasexperiment met grond die was verzameld in de velden. Er was
een positieve relatie tussen het aantal Jakobskruiskruidplanten in het veld en de mate
waarin de bodemgemeenschap de groei van Jakobskruiskruid remde. Als de grond eerst
was geconditioneerd door er gedurende één groeifase Jakobskruiskruid in te groeien, dan
remde grond uit alle velden de groei van Jakobskruiskruid sterk.

In een tuinexperiment zaaide ik Jakobskruiskruidzaden in plaggen met intacte vegetatie
die waren verzameld in de velden. De succesvolle opkomst van zaden was significant lager
in plagen afkomstig van oude velden dan in plaggen uit de jonge velden. In een
zaadbankstudie nam het aantal opgekomen zaailingen af met tijd sinds uit-productiename.
Echter, het aantal zaailingen was in alle gevallen hoger dan het aantal
Jakobskruiskruidplanten in het veld. Dit laat zien dat het aantal zaden in de zaadbank niet
limiterend is, maar dat de condities ongunstiger worden met tijd sinds uit-productiename.
Andere plantensoorten die samen met Jakobskruiskruid voorkomen in de velden kunnen
ook de kenmerken van de bodem veranderen, welke op hun beurt weer de prestatie van
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Jakobskruiskruid kunnen beinvloeden. In een kasexperiment testte ik hoe veranderingen in
de bodem die zijn veroorzaakt door Jakobskruiskruid de prestatie van Jakobskruiskruid en
die van 30 andere plantensoorten die samen met Jakobskruiskruid voorkomen veranderen.
Daarnaast testte ik het omgekeerde, dus het effect van iedere soort afzonderlijk via de
bodem op Jakobskruiskruid. Ik vergelijk dus interspecificiecke plant-bodem interacties
tussen Jakobskruiskruid en omringende planten met het intraspecifieke plant-bodem
feedbackeffect van Jakobskruiskruid op zichzelf. Deze studie bevestigde dat
Jakobskruiskruid een sterk negatief feedbackeffect op zichzelf heeft. Dit experiment liet
zien dat er grote verschillen zijn tussen plantensoorten en hun bodemeffect op
Jakobskruiskruid (ongeveer de helft van de soorten verminderde de prestatie van
Jakobskruiskruid, terwijl de rest geen effect had). Bodem die geconditioneerd was door
Jakobskruiskruid had daarentegen een positief tot neutraal effect op de groei van de
omringende soorten. Deze resultaten laten drie mechanismen zien waarmee de
nalatenschap van plant-bodem interacties, alleen of in combinatie, de snelheid van
secundaire successie kunnen beinvioeden door prioriteitseffecten. 1. Soorten die typisch
zijn voor vroege successie hebben een negatief bodemeffect op soortgenoten; 2.
Omringende plantensoorten hebben een negatief bodemeffect op vroege
successiesoorten; 3. Vroege successiesoorten hebben over het algemeen een positief
bodemeffect op de omringende plantensoorten.

Om een beter idee te krijgen welke bodemorganismen belangrijk zijn voor plant-bodem
interacties bestudeerde ik het bodemeffect van verschillende groepen van
bodemorganismen in een kasexperiment. In dit experiment vergeleek ik de groei van
Jakobskruiskruid in gesteriliseerde veldgrond die was geinoculeerd met levende veldgrond
gezeefd door een 1 mm zeef, geinoculeerd met een waterige oplossing van veldgrond
gezeefd door een 1 mm zeef (grondoplossing), of geinoculeerd met een waterige oplossing
van veldgrond gezeefd door een 20 pm zeef (microbiéle oplossing). De biomassa van
Jakobskruiskruidplanten was het laagst in grond geinoculeerd met de gezeefde grond en
het hoogst in grond geinoculeerd met de microbiéle oplossing. Deze studie laat ook zien
dat resultaten die verkregen worden met gezeefde grond of met een grondoplossing niet
vergelijkbaar zijn en dus dat de methode waarmee de inocula zijn gemaakt effect kan
hebben op de gemeten feedbacksterkte. Bij het plannen van plant-bodem experimenten
zou men hier rekening mee moeten houden.

Ik bestudeerde ook of de verminderde groei van Jakobskruiskruid in grond die is
geconditioneerd door soortgenoten kan komen door chemische stoffen die
Jakobskruiskruid bevat. Ik testte dit door extracten van verschillende sterkte en gemaakt
van verschillende delen van Jakobskruiskruid of wortelfragmenten te geven aan zaailingen
en ontkiemende zaden. De prestatie van zaailingen die in water groeiden en die extracten
toegediend kregen was in sommige gevallen significant minder, maar de groei van
zaailingen in grond was niet verminderd. Het mengen van wortelfragmenten verminderde
significant de maximum wortellengte van deze zaailingen, ook als deze in grond groeiden.
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Deze resultaten laten zien dat Jakobskruiskruid een autotoxische effect kan hebben onder
laboratoriumcondities, maar dat deze effecten zwak zijn wanneer de zaailingen in grond
groeien. Dit suggereert dat autotoxiciteit waarschijnlijk geen sterk effect heeft in de
afname van Jakobskruiskruidbedekking in het veld.

De samenstelling van de omringende plantengemeenschap kan potentieel ook de
bodemorganismen die de plant koloniseren beinvioeden. Om dit te bestuderen bepaalde ik
de samenstelling van arbusculaire mycorrhiza (AM) schimmels in de wortels van
afzonderlijke  Jakobskruiskruidplanten. Deze planten groeiden in experimentele
plantengemeenschappen. Vijf gemeenschappen waren ingezaaid met midden-
successiesoorten in een voormalige landbouwgrond. De andere vijf waren niet ingezaaid
maar op natuurlijke wijze gekoloniseerd. De plantengemeenschappen waren tien jaar oud
toen de samenstelling van de AM-schimmels in de wortels van de Jakobskruiskruidplanten
geanalyseerd werd. De samenstelling van de AM-schimmelgemeenschap werd in twee
planten per gemeenschap geanalyseerd met ‘terminal restriction fragment length
polymorphism’ (T-RFLP). Op dat moment waren de niet ingezaaide
plantengemeenschappen meer divers en vertoonden meer spatiéle heterogeniteit dan de
ingezaaide gemeenschappen, maar beide gemeenschappen deelden grotendeels dezelfde
plantensoorten. De diversiteit van de AM-schimmels was niet verschillend tussen beide
plantengemeenschappen, maar de dissimilariteit tussen AM-schimmelgemeenschap die
afkomstig waren van planten uit een niet ingezaaide gemeenschap was groter dan tussen
planten uit ingezaaide gemeenschappen. Als de planten in de kasproef groeiden in
gehomogeniseerde grond, dus zonder spatiéle variatie, dan was er geen verschil meer in
AM-schimmel dissimilarieit tussen de wel en niet ingezaaide gemeenschappen. Dus, de
wijze en geschiedenis waarop een plantengemeenschap zich heeft gevormd heeft effect op
de AM-schimmel gemeenschap die individuele planten in deze gemeenschap koloniseert.

Dit onderzoek laat zien dat interacties tussen planten en bodemorganismen een
belangrijke rol spelen bij het verklaren van de populatieontwikkeling van Jakobskruiskruid,
maar het laat ook zien dat deze interacties moeten worden bestudeerd in combinatie met
de opkomst en succes van zaailingen en competitie met andere plantensoorten.

BEHEER

De resultaten van dit promotieonderzoek kunnen ook gebruikt worden om management
ten aanzien het beheersen van Jakobskruiskruid te verbeteren. Bij het beheer zou men
gebruik kunnen maken van de opbouw van het negatieve bodemeffect tegen
Jakobskruiskruid. Men zou ook de fase waarin Jakobskruiskruid zich bevindt, voor piek- of
na piekbedekking, moeten meenemen in de te kiezen beheersmaatregelen (Tabel 1).

Direct nadat landbouwgronden uit-productie worden genomen of dat een weiland wordt
ontwikkeld is er vaak nog veel open grond die Jakobskruiskruid kan koloniseren. In dit
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vroege stadium is het aantal Jakobskruiskruidplanten in het veld echter nog laag, omdat er
nog maar weinig zaden aanwezig zijn (Tabel 7.1). In dit stadium zou het management zich
kunnen richten op het voorkomen dat zaden het nog makkelijk te koloniseren veld
bereiken. Dit zou kunnen door Jakobskruiskruidplanten in de omgeving te maaien voordat
ze hun zaden verspreiden, zodat deze zich niet naar het nieuwe veld verspreiden. Zolang
er nog weinig zaden zijn bouwt de zaadbank zich ook slechts langzaam op. Om te
voorkomen dat er zich een zaadbank vormt zouden planten die zich vestigen verwijderd
moeten worden. Dit kan door ze handmatig te verwijderen of door middel van begrazing.

Ondertussen kunnen andere planten het veld wel koloniseren en een dichte begroeiing
vormen. Deze dichte begroeiing is moeilijk voor Jakobskruiskruidplanten om te koloniseren
en zich te vestigen. Het stimuleren van een dichte begroeiing door soorten in te zaaien
maakt het ook moeilijker voor Jakobskruiskruid om zich te vestigen en hoge dichtheden te
halen (Bezemer et a/. 2006a). Vanaf het moment dat zich een dichte mat heeft gevormd is
het belangrijk om verstoringen hiervan te verkomen, zodat er geen nieuwe
vestigingskansen voor Jakobskruiskruid ontstaan. Deze verstoringen kunnen bijvoorbeeld
ontstaan door herbivoren, overbegrazing, betreding of landbouwmachines.

Vanaf het moment dat Jakobskruiskruidplanten zich vestigen op het veld gaan ze ook
zaden produceren. Door deze lokale productie is de beschikbaarheid van zaden in het veld
niet meer limiterend (Figuur 7.1 & Tabel 1). Omdat de bodem nog niet is geconditioneerd
door Jakobskruiskruid en zaadbeschikbaarheid niet meer limiterend is kunnen
Jakobskruiskruidplanten er snel groeien en zich vermeerderen. Echter, dit kan alleen
wanneer andere planten nog geen dichte mat hebben gevormd en wanneer er nog ruimte,
bijvoorbeeld kale grond, beschikbaar is voor Jakobskruiskruid om te koloniseren. Als er
meer Jakobskruiskruidplanten komen zal ook meer grond geconditioneerd worden door
Jakobskruiskruid en een negatief bodemeffect zal nu worden opgebouwd (Tabel 1).

Als Jakobskruiskruid eenmaal het veld heeft gekoloniseerd zou het beheer meer gebruik
moeten gaan maken van het negatieve bodemeffect dat zich op bouwt. Dit negatieve
effect kan zich al opbouwen in minder dan één groeiseizoen, echter
Jakobskruiskruidplanten, inclusief wortels en grond, moeten dan niet verwijderd worden,
omdat dit de opbouw van een negatief bodemeffect verhindert. Daarentegen zou het
beheer zich moeten richten op het voorkomen dat zaden zich verspreiden naar
naastgelegen jonge velden. Dit kan door de bloeiende planten te maaien of te begrazen.
Dit verhindert niet de opbouw van een negatief bodemeffect, aangezien deze zich ook kan
opbouwen bij rozetten. Ook hier geldt dat verstoring van de bodem voorkomen moet
worden omdat dit juist nieuwe vestigingskansen voor Jakobskruiskruid creéert.
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Tabel 1: Overzicht van de mechanismen die belangrijk zijn voor de prestatie van Jakobskruiskruid en
hun belang gedurende twee verschillende fases: voordat de piek in bedekking is bereikt en daarna.
Een negatief effect op het presteren of de populatieomvang van Jakobskruiskruid is aangegeven met
(-), een positief effect met (+), geen effect met (0) en een onbekend of onduidelijk effect met (+/-).
Beheer in beide fases zou zich moeten richten op processen die Jakobskruiskruid limiteren.

Voor piek Na piek

Succes van zaailingen  Zaadkwaliteit + +
Zaadbeschikbaarheid - +
Kieming + +
Vestiging + -
Verspreiding/ dispersie - o]
Verstoringen o] -
Effect van competitie op vestiging o] -

Bodemnutriénten Nutriéntenbeschikbaarheid + +

Allelochemicalién Autotoxiciteit o} 0
Allelopatie o] +/-

. . Plant-bodem feedback
Plant-bodem interacties ) ) ol- -
(J. vulgaris — J. vulgaris)

Plant-bodem interacties

ol/- -
(J. vulgaris—omringende planten)
Plant-bodem interacties of
(omringende planten—J. vulgaris)
Effect van competitie op Jakobskruiskruid o] -
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Dankwoord

Na iets meer dan 4 jaar zijn dit de laatste alinea’s van mijn proefschrift. Het plant-bodem
hoofdstuk is nog lang niet afgesloten, want dit promotieonderzoek heeft me vooral geleerd
dat er nog veel meer vragen zijn die beantwoord moeten worden! Gelukkig maar.

Officieel heb ik vier jaar bij het laboratorium voor Nematologie van Wageningen
Universiteit en Research centre gewerkt. In de praktijk heb ik echter al die tijd bij de
afdeling Terrestrische Ecologie van het Nederlands Instituut voor Ecologie (NIOO-KNAW)
gewerkt. Beide groepen wil ik bedanken dat dit mogelijk was en voor alles wat ze voor me
geregeld hebben. Ook al kwam ik maar af en toe op Nematologie, ik vond het leuk om ook
jullie reacties op mijn onderzoek te krijgen tijdens mijn presentaties.

De mensen die het meeste hebben bijgedragen aan dit proefschrift zijn natuurlijk mijn
begeleiders Martijn Bezemer en Wim van der Putten. Martijn: Ik waardeer je enorme inzet
en passie voor ecologie. Ik was dan ook blij toen ik na mijn stage bij je kon beginnen aan
mijn AIO-schap. Wim, jouw deur stond letterlijk en figuurlijk altijd open en ik kon dan ook
voor vele adviezen bij je terecht. Martijn en Wim: Bedankt voor jullie enthousiasme en
vertrouwen, ik vind het fijn om met jullie samen te werken. Ook genoot ik altijd van onze
gezamenlijke discussies. De vonken vliogen er soms af, maar deze discussies gaven altijd
weer heel veel nieuwe inzichten en motivatie om nieuwe dingen te gaan bestuderen. Jullie
snelheid in het lezen van manuscripten was ongekend: op vrijdagmiddag een manuscript
naar jullie opsturen betekende zelden een rustig weekend. Wim, ik ben blij dat ik nog een
paar maanden met je kan samenwerken. Martijn, en ook Jan-Willem en Liesje, ik kijk er
naar uit om met jullie aan het nieuwe biochar-project te beginnen!

Annelein, bijna de gehele periode van mijn AIO-schap heb ik met jou de kamer gedeeld.
Ook al zagen we elkaar soms niet echt vanachter onze computers, toch hebben we heel
wat zaken op die manier besproken: van experimentele designs en statistische analyses tot
de weersverwachting voor het weekend, goede recepten en bestemmingen om heen te
fietsen. Ik ben dan ook blij dat je tijdens mijn promotie mijn paranimf bent. En ik ben
natuurlijk heel benieuwd naar je proefschrift!

Ciska, jij kwam pas in het laatste jaar naar het NIOO, maar in deze periode was je wel een
goed voorbeeld hoe je zonder al te veel stress op tijd je proefschrift afrondt. Ook de
spelletjes avonden bij jou en Henk waren altijd gezellig. Ik vind het dan ook leuk dat je
mijn paranimf wilt zijn.

Olga, ik ben benieuwd naar al de bovengrondse resultaten die je hebt gevonden met
Jakobskruiskruid en nog alles wat je nog gaat vinden. Kees-Jan en Marie-Anne, misschien
zonder dat jullie het zelf wisten, hebben jullie mij tijdens mijn verblijf in Davis enthousiast
gemaakt voor de wetenschap. In Davis heb ik besloten dat ik AIO wilde worden. Dorien:
het was een gezellige tijd daar in Davis en ook daarna samen op de Boomgaarden.
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Tijdens mijn promotieonderzoek heb ik veel hulp gehad van de studenten die bij mij aan
hun afstudeervak of stage werkten. Henk Martens, Rik Huisman, Wesley van de Kamp,
Myriam Ruyten en Freddy ten Hoven: samen hebben jullie honderden potjes gevuld en
gewogen, duizenden plantjes water gegeven en vele epjes gevuld en geanalyseerd.
Zonder jullie hulp zou er nu nog heel wat werk te doen geweest zijn.

Tanja, Agaat, Christa, Emilia en Hannes: Toen ik na mijn master bodemkunde op het
NIOO kwam had ik nog nooit gewerkt met DNA. Jullie hulp en jullie antwoorden op mijn
vele vragen hebben ervoor gezorgd dat een groot deel van het werk in dit proefschrift tot
een goed einde is gekomen. Many thanks for all the help! Gregor, dank je voor de goede
zorgen voor mijn plantjes. Paul en Annemieke het was gezellig om nog even de kamer in
Heteren met jullie te delen. Jullie proefschriften hebben me nog vaak op weg geholpen.
Gera, toen ik stage liep bij Martijn heb je mij mee wegwijs gemaakt in de Jakobskruiskruid
-wereld en ook later heb ik nog veel van je Jakobskruiskruid-kennis geleerd. Louise, ik ben
blij dat ik in het vernieuwende en mooie NIOO gebouw heb gewerkt. Helaas kan ik niet
iedereen persoonlijk noemen, maar ook alle andere collega AIQO’s, MTI/TE'ers, PV'ers,
NIOQ’ers, Ciska R., Elly, Gerrie, Gerda, Gerlinde, Henk D., Jeff, Koen, Mirka, Patrick, Pella,
Remy, Roel, Roeland, Sabrina, Saskia, Slavica, Taia, Tanja, Tim ben ik erg dankbaar. Jullie
maakten het NIOO zo'n prettige en gezelige werkomgeving! Machiel Bosch
(Natuurmonumente Zuid West Veluwe), Harry Hees (Staatsbosbeheer) en Stichting het
Utrechts Landschap bedankt dat ik mijn veldwerk op jullie grondgebied mocht uitvoeren.

Op z'n tijd is het ook minstens zo belangrijk om eens niet aan werk te denken. Buiten het
NIOO hebben dan ook vele mensen (indirect) bijgedragen aan mijn proefschrift.

Linde en Gijs: na een week werken hadden jullie vaak wel zin om mij (en Eelke) eens goed
in te maken met een spelletje. Gelukkig maakte de gezelligheid de vele nederlagen altijd
weer goed. Steffie voor een kopje thee of samen wat eten was je altijd te vinden.

Na een dag typen aan manuscripten of proefschrift werkt niets verfrissender dan een
rondje over de dijk te racen. Femke, Maxence, Tessa en anderen: gelukkig zijn jullie daar
altijd wel voor in! Hopelijk volgen er nog vele zonnige ritjes.

Eelke, met het afronden van dit proefschrift heb je me altijd geholpen. Nu dit project af is
kijk ik uit naar ons gezamelijke, nieuwe project in Rhenen. Ik hoop dat we nog vele jaren
samen kunnen genieten van de wereld rondfietsen, lekker eten en natuurlijk van ons
nieuwe huis! Mam, dank je voor alles en het altijd aanwezige grote vertrouwen! Opa’s,
oma’s, Loes, Minouche en Yves: het is wat anders dan auto’s, maar hopelijk maakt dit
boekje duidelijk wat ik de laatste jaren allemaal heb gedaan.
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