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Abstract

Soil contains a wealth of diversity — bacteria, fungi, nematodes, arthropods and earthworms are just some of the many
organisms found belowground. These organisms play an important role in shaping the soil environment and they strongly
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interactions. Ultimately, belowground organisms are a vital part of ecosystem functioning. Nevertheless, most of the
diversity and ecology of belowground organisms are to this day unknown, and increasing our insights into the role and
ecology of soil organisms is of importance for natural and agricultural systems.

The main goal of this thesis was to investigate spatial patterns of plant-associated soil communities (I, II), to identify
the drivers of such spatial patterns (I, II, III), and to study some of the consequences of belowground spatial patterns
for aboveground species interactions (IV). To answer these questions, I used both observational studies and multifactorial
experiments in combination with microscopy and metabarcoding. I focused on the plant Plantago lanceolata (ribwort
plantain) and its root-associated soil microbes, with a strong emphasis on arbuscular mycorrhizal fungi, an important group
of root symbionts.

I found that in natural environments arbuscular mycorrhizal fungal communities frequently show high small-scale
variation (I). In the following work I showed that the pattern of high small-scale heterogeneity may be due to dispersal
limitation (II), abiotic conditions such as pH, soil nutrients and climate (I, III), and biotic conditions, such as interspecific
community composition and genetic variation (I, II). The high variation at small spatial scales (I) in combination with
genetic variation of plants and insects (IV) may help maintain high local heterogeneity in aboveground plant-associated
communities, thereby influencing aboveground diversity and dynamics.

The insight gained here has increased our general knowledge on the distribution of soil microbes and the interactions
taking place above and belowground. It has furthermore laid a foundation for future work on the world of soil microbes
and their implications aboveground.
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ABSTRACT

Soil contains a wealth of diversity — bacteria, fungi, nematodes, ar-
thropods and earthworms are just some of the many organisms found
belowground. These organisms play an important role in shaping the
soil environment and they strongly influence plant fitness, diversity
and community composition. Their impact even cascades up to affect
aboveground species interactions. Ultimately, belowground organisms
are a vital part of ecosystem functioning. Nevertheless, most of the di-
versity and ecology of belowground organisms are to this day unknown,
and increasing our insights into the role and ecology of soil organisms
is of importance for natural and agricultural systems.

The main goal of this thesis was to investigate spatial patterns
of plant-associated soil communities (I, 11), to identify the drivers of
such spatial patterns (I, 11, 111), and to study some of the consequences
of belowground spatial patterns for aboveground species interactions
(IV). To answer these questions, | used both observational studies
and multifactorial experiments in combination with microscopy and
metabarcoding. | focused on the plant Plantago lanceolata (ribwort
plantain) and its root-associated soil microbes, with a strong emphasis
on arbuscular mycorrhizal fungi, an important group of root symbionts.

I found that in natural environments arbuscular mycorrhizal
fungal communities frequently show high small-scale variation (I). In
the following work | showed that the pattern of high small-scale het-
erogeneity may be due to dispersal limitation (I1), abiotic conditions
such as pH, soil nutrients and climate (I, 111), and biotic conditions,
such as interspecific community composition and genetic variation
(1, 11). The high variation at small spatial scales (I) in combination
with genetic variation of plants and insects (IVV) may help maintain
high local heterogeneity in aboveground plant-associated communities
thereby influencing aboveground diversity and dynamics.

The insight gained here has increased our general knowledge
on the distribution of soil microbes and the interactions taking place
above and belowground. It has furthermore laid a foundation for future
work on the world of soil microbes and their implications aboveground.



SVENSK SAMMANFATTNING

Jord innehaller en stor biologisk mangfald - bakterier, svampar, nem-
atoder, leddjur och daggmaskar ar bara nagra av de manga organismer
som finns under markytan. Dessa organismer spelar en viktig roll for
att forma markens egenskaper och paverkar starkt viaxternas fitness,
mangfald och samhallssammanséttning. Deras paverkan kan aven
paverka ovanjordiska arters interaktioner. | slutandan ar underjord-
iska organismer en viktig del av ekosystemets funktion. Anda ar det
mesta av mangfalden och ekologin hos underjordiska organismer fram
till idag okand, och att 6ka var insikt om markorganismernas roll och
ekologi ar av betydelse for natur- och jordbrukssystem.

Huvudmalet med denna avhandling var att undersoka rumsliga
monster i markens organismsamhallen (I, I1), att identifiera mekan-
ismerna bakom sadana rumsliga monster (I, 11, 111) och att studera
nagra av konsekvenserna av underjordiska rumsliga monster for
ovanjordiska arters interaktioner (V). For att svara pa dessa fragor
anvande jag bade observationsstudier och multifaktoriella experiment
i kombination med mikroskopi och metabarcoding. Jag fokuserade pa
vaxten Plantago lanceolata (svartkdmpar) och dess rot-associerade
jordmikrober, med en stark tonvikt pa svampar som bildar arbuskular
mykorrhiza, en viktig grupp av rotsymbionter.

Jag fann att i naturliga miljéer uppvisar arbuskular mykorrhiza
ofta en hog variation dven pa sma ytor (1). I foljande arbete visade jag
att monstret av denna heterogenitet kan bero pa spridningsbegran-
sning (I1), abiotiska forhallanden som pH, jordnaringsamnen och
klimat (I, 111), samt bero pa biotiska forhallanden, sdsom interspeci-
fika samhillssammansattningar och genetisk variation (I, 11). Den
stora variationen vid sma rumsskalor (1) i kombination med genetisk
variation av vaxter och insekter (1) kan bidra till att uppratthalla hog
lokal heterogenitet i ovanjordiska vaxtrelaterade samhallen och pa sa
satt paverka 6verjordisk mangfald och dynamik.

Insikten som uppnatts har har 6kat var allmanna kunskap om
fordelningen av jordmikrober och interaktionerna ovan och under
jorden, och det har dessutom lagt grunden fér framtida forskning om
markens mikrobiella varld och deras konsekvenser ovanfor jorden.






KaprprA

1. Introduction
1.1 General introduction

Plants interact with a wealth of organisms — both aboveground and
belowground. The interactions taking place aboveground may be
visually obvious, but we are less aware of the intricate and equally
important interactions taking place belowground. However, we do
know that about 25% of the species diversity on Earth is estimated to
be found in soils (Decaéns et al. 2006), and most of these species will
interact directly or indirectly with plants. The identity and ecology of
many belowground organisms are to this day largely unknown, though
given their key role within the ecosystem, increasing our knowledge
on these belowground communities is of importance for natural and
agricultural systems.

The vast number of organisms found belowground have different
impacts on the life of plants. Beneficial plant-associated organisms
may directly provide plants with nutrients, thereby affecting plant
growth and nutrient status (Vessey 2003, Smith and Smith 2011).
Such beneficial organisms can also increase the plants’ tolerance to
drought (reviewed in Augé 2001, and Jayne and Quigley 2014), pro-
tect plants against herbivore and pathogen attack (e.g. van Wees et al.
2008, Rasmann et al. 2017) or attract herbivore natural enemies (e.g.
Bezemer et al. 2005, Hempel et al. 2009). Plants may also be exposed
to several antagonistic soil organisms that decrease plant fitness, such
as fungal pathogens and plant-parasitic nematodes. However, the
outcome of interactions between plants and their associated root and
soil organisms may depend on which species are interacting, as well
as the environmental context in which the interaction is taking place
(Koricheva et al. 2009, Gehring and Bennett 2009).

These belowground interactions play an important role in the
ecological and evolutionary dynamics of aboveground communities.
An understanding of the patterns and drivers of belowground diver-
sity and their role on life aboveground may help us assess the impact
that global environmental change and anthropogenic disturbance can
have on soil communities and the consequences for biodiversity and




ecosystem functioning. In this thesis | therefore set out to investigate
the spatial patterns of soil communities (I, 11), identify the drivers of
such spatial patterns (I, I, 111), and study some of the consequences of
the spatial patterns for aboveground species interactions (1V).

1.2 Study system

Before explaining the detailed background of what | studied and why,
I will first provide information on the main study system used, which
includes a plant and its associated soil microbes and insect herbivore:

121 FOCAL PLANT

Plantago lanceolata, also called ribwort plantain, is a wind dispersed
perennial herb with a cosmopolitan distribution. It can occur in many
types of habitats, such as meadows, roadsides, and disturbed sites
(Cavers et al. 1980). It is host to
many organisms: aboveground,
different herbivores and fungal
pathogens attack the plant (e.g.
powdery mildew and larvae of
the Glanville fritillary butterfly,
1V), while belowground the
plant is host to both beneficial
(e.g. arbuscular mycorrhiza,
I-1V) and antagonistic or-
ganisms (e.g. nematodes, I1)
(Cavers et al. 1980, De Deyn et
al. 2004). Ribwort plantain is
easy to grow and maintain in
the greenhouse, and with its
wide distribution it is often used

as a model system to study how plants are influenced by soil microbes
and herbivores.

1.2.2 BELOWGROUND ORGANISMS

In the belowground world, the area around plant roots (the rhizos-
phere) and the roots themselves may serve as a preferred habitat to
many groups of soil organisms. Some groups live in the rhizosphere



itself where they benefit from the nutrients excreted by the plants or
they feed on other organisms in the soil. Other groups inhabit roots,
such as symbiotic arbuscular mycorrhizal fungi, pathogenic fungi and
nematodes.

1.2.2.1  Arbuscular mycorrhiza (AM) fungi

The majority of plant species (92%)

are host to an important group of *!
root-symbiotic fungi, the mycorrhizal
fungi (Brundrett and Tedersoo 2018).
There are several types of mycorrhiza,
but the most prevalent type is the
arbuscular mycorrhizal (AM) fungi,
which can be found in around 80%
of all plant species (Brundrett and
Tedersoo 2018). In exchange for car-
bon derived from photosynthesis, AM
fungi provide the plants with nutri-
ents, as well as other benefits such as
protection against drought and insect
and fungal attackers (Koricheva et al. 2009, Delavaux et al. 2017). The
symbiosis between plants and AM fungi is ancient, perhaps around
500 million years old (Brundrett 2002), and it is speculated that these
fungi were an important contributor to plants taking over land (Remy
etal. 1994).

1.2.2.2 Nematodes

Nematodes, also called roundworms,
are microscopic animals found across
a very large range of habitats, both
terrestrial and aquatic (Bongers and
Bongers 1998, Hodda et al. 2009). In (/
the soil they are one of the most abun- f M‘Z?/
dantgroupsof organisms (Bongersand 7 Nf/

Bongers 1998). Aside from occupying &
a large range of habitats, they also Ay \@
have several different feeding groups: N




they can be plant feeders, fungal feeders, bacterial feeders, substrate
feeders, predators and omnivores (Yeates et al. 1993). They may direct-
ly influence plants if pathogenic or indirectly through grazing of soil
microflora and -fauna (Lavelle et al. 2006). Nematodes may thereby
have important impacts on soil fertility, plant fitness, plant community
structure and ecosystem processes (Nielsen et al. 2014, Bardgett and
van der Putten 2014, Trap et al. 2016).

1.2.3 ABOVEGROUND ORGANISMS
1.2.3.1  The Glanville fritillary

One of the most charismatic attackers of P. lanceolata in Europe is
the Glanville fritillary butterfly (Melitaea cinxia). To avoid insect
attack the plant produces defensive compounds (iridoid glycosides).
However, the Glanville fritillary has specialised on these compounds,
often seeking out plants with higher levels of iridoid glycosides to lay
their eggs (Nieminen et al. 2003). In spring the butterfly lays large
clutches of eggs (150-200) on the underside of P. lanceolata leaves.
The larvae hatch in early summer and feed together in large groups
until autumn when they produce silken webs to protect themselves
as they diapause for the winter. The following spring they continue
feeding as caterpillars, until they pupate and emerge as butterflies
and mate, thereby continuing the yearly cycle (Kuussaari et al. 2004,
Saastamoinen et al. 2013).

1.3 Detailed background to chapters

Here follows a deeper introduction into the existing knowledge on the
topics covered in my thesis. These topics cover the spatial patterns of
soil microbes, factors that may underlie such patterns and the impact
of spatial patterns of belowground organisms on aboveground species
interactions.

1.3.1 SPATIAL PATTERNS OF SOIL COMMUNITIES

For hundreds of years, naturalists have investigated the distribution of
aboveground terrestrial organisms (Begon et al. 2006). While mostly
overlooked, soil organisms similarly display distinct fine-scale and
biogeographical patterns (e.g. Rosling et al. 2011, Kivlin et al. 2011,
Tedersoo et al. 2014). In the case of AM fungi, evidence points to high



species turnover, i.e. high variation in species composition, at small
spatial scales (less than 1 m, 1), though if we look more globally we find
low endemism with many taxa found on several continents (Davison et
al. 2015, though see Bruns and Taylor 2016).

1.3.2 DRIVERS OF SOIL COMMUNITIES
1.3.2.1 Dispersal

Several factors influence the spatial patterns of soil communities, with
one such factor being dispersal. Dispersal may happen both actively
and passively, and some dispersal mechanisms may be more impor-
tant at determining small-scale spatial patterns whereas others may
be more important at describing large-scale patterns. For example,
nematodes are dependent on soil moisture and can move over short
distances by actively swimming in water filled pores, whereas water
flow (Baxter et al. 2013), wind (Nkem et al. 2006) or the movement
of soil (e.g. Boag 1985) may be more important for determining large
scale passive dispersal. AM fungi can actively grow and spread to
nearby plants through hyphal growth at small spatial scales (less than
1 meter, I1; Jumpponen and Egerton-Warburton 2005), while at larger
scales (from few m up to tens of km) dispersal can happen if spores are
ingested and transported by animals (Gange 1993, Mangan and Adler
2002, Nielsen et al. 2016). AM fungi could be transported even further
by wind (Egan et al. 2014, Kivlin et al. 2014), water (Harner et al. 2011)
or human-mediated soil transport.

1.3.2.2 Environmental drivers

As seen for aboveground organisms, belowground community compo-
sition is to a large extent shaped by the abiotic (e.g. pH, nutrient levels,
temperature, rainfall) and biotic environment (e.g. interactions with
other organisms; e.g. Kivlin et al. 2011, Hanson et al. 2012, Tedersoo et
al. 2014). Several studies from natural communities, including findings
in chapter I, have shown strong correlations between pH and nitrogen
and community composition of AM fungi (e.g. Lekberg et al. 2007,
Dumbrell et al. 2010, van Diepen et al. 2011). However, while AM fungi
provide plants mainly with phosphorus, studies have found less con-
clusive relationships between phosphorus and AM fungal community
composition (e.g. Johnson et al. 2010). Studies have also found that the




distribution of AM fungi globally correlates with climatic conditions
(Kivlin et al. 2011, Davison et al. 2015), and experimental studies have
found that elevated temperatures may change community composition
(Heinemeyer et al. 2004) and increase AM fungal colonization levels
(e.g. Staddon et al. 2002, Compant et al. 2010, I11). Whereas there are
an estimated 300.000 plant species (Moraetal. 2011), there are only an
estimated 300 to 1000+ AM fungal species (depending on whether one
uses morphotypes or molecular identification; Kivlin et al. 2011, Opik
et al. 2014). This seems to fit well with the ability of most AM fungi to
colonize a wide range of plant species. However, AM fungi do display
some specificity to plant communities, species and even ecotypes and
genotypes (Opik et al. 2006, Johnson et al. 2010, Davison et al. 2011),
but when detected in the field such relationships could also be due to
the fact that plants and AM fungi have similar (environmental) habitat
preferences.

1.3.2.3 Changes in environmental conditions

The latest report by the International Panel on Climate Change states
that we may expect elevated temperatures (up to 3-4° C) and — with
less certainty — changes in rainfall regimes (more drought but also
more intense rain; IPCC 2014). As organisms are affected by environ-
mental conditions, we may expect that such changes in climate can
lead to changes in e.g. species physiology, abundance and community
composition. Performing both experimental greenhouse studies and
manipulative field studies can inform us about potential consequenc-
es of environmental change, and such studies have shown that both
plants and AM fungi respond with increased growth under elevated
temperatures (Rustad et al. 2001, Compant et al. 2010, I11). The
effects of elevated temperatures on AM fungi also affect respiration
(Heinemeyer et al. 2006), the investment in storage, and the overall
structure of the hyphal network (Hawkes et al. 2008). The effects of
environmental change may thereby lead to pronounced but difficult to
predict effects on the ecology of plant-soil microbe interactions (111).
However, getting a better understanding of these effects may help us
to more efficiently conserve soil biodiversity and limit the effects of
climate change.



1.3.2.4 Local adaptation

Distributional patterns of species or genotypes may also be caused
by local adaptation. Due to local environmental heterogeneity, when
a certain genotype of an organism has a higher fitness under local
conditions than other genotypes there will be positive selection on that
genotype. Such local conditions could be due to soil nutrient conditions
or interactions with other organisms in that location. When there is
positive selection for a certain genotype it will change the gene frequen-
cies in the local population, which may result in a pattern called local
adaptation, where organisms perform best in their local environment
(Hoeksema and Forde 2008). Local adaptation can be counteracted
by reduced gene flow or reduced genetic variation. Patterns of local
adaptation may be detected using reciprocal transplant experiments,
either within the field (to assess adaptation to the full set of local con-
ditions) or indoors, where you can tease apart adaptation to specific
local conditions. For example, one may grow plants in their local and
non-local soil to determine if there is a difference in growth and perfor-
mance between plants in their local versus non-local soil (111). If plants
grow better in their local soil this may indicate that they have adapted
to their local soil conditions, for example to their local soil chemical
properties and mycorrhizal fungi (Macel et al. 2007, Hoeksema and
Thompson 2007, Johnson et al. 2010). Studies have similarly found
that AM fungi may show local adaptation to plants and the local soil
conditions (Johnson et al. 2010, Rda et al. 2016). However, the plants
and beneficial microbes are not the only ones evolving: antagonistic
organisms may also respond positively to their local plant genotypes,
leading to pathogen adaptation and accumulation in the soil (Revillini
et al. 2016). Many studies report of plant-soil feedbacks, where
plants alter the soil abiotic and biotic environment, with subsequent
consequences for, and changes in, soil community composition. Such
changes may then affect the fitness of plants grown there at a later time
(Bever et al. 2012).

1.3.3 CAN WE EXPLAIN ALL VARIATION?

While we have been able to pinpoint many of the drivers behind spatial
patterns of soil communities, surprisingly, a lot of the variation (c. 35-
80%) generally remains unexplained by the spatial and environmental
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variables examined (e.g. Lekberg et al. 2007, Sterkenburg et al. 2015,
Horn etal. 2017, 1). This may be due to scientists, including me, failing
to take into account all of the spatial and environmental parameters
that are important for the distribution of soil communities. However,
the distribution may also be shaped by interspecific interactions such
as priority effects (e.g. which species arrives first; van de Voorde
et al. 2011, Werner and Kiers 2015), legacy effects (how plants have
changed the soil conditions prior to current conditions; Bartelt-Ryser
et al. 2005) or neutral assembly processes (random immigration, birth
and death; Woodcock et al. 2007, Powell and Bennett 2016) which are
processes that are hard to identify or measure in the field.

1.3.4 CONSEQUENCES OF BELOWGROUND SPATIAL VARIATION ON
ABOVEGROUND INTERACTIONS

Soil communities can impact plants and such effects may cascade to
other aboveground organisms, i.e. be plant-mediated (e.g. Rasmann
et al. 2017). Plant-mediated effects can happen e.g. when microbes
affect decomposition and nutrient cycling in the soil (van der Putten et
al. 2013) or when beneficial microbes increase plant nutrient content
(Smith and Smith 2011). Such effects on plants may in turn increase
generalist herbivore attack as plants become larger and more attractive.
However, the outcome of such aboveground-belowground interactions
can be complex. For example, beneficial microbes have been found
to prime plants against attack or increase secondary metabolites (de-
fensive compounds), thereby decreasing herbivore attack. In the case
of P. lanceolata and M. cinxia, an increase in secondary metabolites
may actually favour the specialist herbivore, as higher secondary me-
tabolites lead to higher butterfly oviposition and increased larval per-
formance (Nieminen et al. 2003, Saastamoinen et al. 2007). Through
the effects soil communities have on plants and their cascading effects
aboveground, aboveground-belowground interactions can have large
consequences for plant population dynamics (Bever et al. 2012) and
ecosystem functioning (Bardgett and van der Putten 2014).



2. Aim of the thesis

The aim of my PhD thesis was to investigate the spatial patterns and
drivers of soil communities and to investigate how soil communities
may affect aboveground species interactions. To answer these ques-
tions, | used both observational and experimental studies, working
with the host plant P. lanceolata and its associated soil communities,
with a focus on AM fungi.

In chapter I, | investigated how the structure and composition
of natural AM fungal communities vary across multiple spatial scales,
and which environmental drivers correlate with the spatial patterns
detected (Figure 1b, c).

Once | had a thorough description of the spatial structure of AM
fungal communities and an idea of how the environmental variables
correlate to spatial patterns, | focused on testing some of these drivers
experimentally (1, I11). In chapter 11, | used a mesocosm experiment
to investigate the colonization ability of AM fungi, and at the same
time assessed whether AM fungal colonization was influenced by plant
genetic variation or species interactions with nematodes (Figure 1c). |
followed this up in chapter 111 with a reciprocal multifactorial growth
chamber experiment, where | studied how climate (temperature, soil
moisture) impacted plant-soil microbial interactions (Figure 1c). By
growing plants and fungi in local and non-local combinations, I could
furthermore investigate whether plants and AM fungi showed patterns
of local adaption.

In chapter 1V, | focused on the consequences of AM fungal
colonization on plants and aboveground species interactions. By
growing plants with and without a natural community of AM fungi
in the greenhouse I investigated whether effects of AM fungi on plant
and herbivore larval growth were dependent on plant and herbivore
genetic variation (Figure 1a).

Answering the questions posed in my PhD will help increase our
general knowledge on the multiscale distribution and drivers of soil
communities, and the impact of soil communities on aboveground in-
teractions. Improved knowledge on why species of soil organisms occur
where and why can help fill the gaps of the, to a large part, unknown
belowground ecology. Furthermore, from a more applied perspective,
such knowledge may be helpful in informing about conservation
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decisions and highlight which organisms to use for restoration projects.

Figure 1 Conceptual framework of my PhD thesis. In the first part of the PhD I fo-
cused on the spatial structure of AM fungal communities (1; subpanel b). In the second
part, | investigated what drives the spatial patterns of soil communities by investigat-
ing AM fungal colonization abilities (11; subpanel c) and the environmental drivers of

soil communities (I, 111; subpanel ¢). In the final part, I investigated the consequences
of spatial variation in soil communities on aboveground species interactions (1V; sub-
panel a).
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3. Main approaches

To answer my questions, I used observational studies to examine how
soil communities are structured in natural settings and experimental
studies to disentangle the mechanisms, and importance of such mecha-
nisms, in structuring plant and AM fungal communities. To investigate
the composition and abundance of the microscopic soil community I
used both microscopy and molecular methods.

3.1 Observational studies

In order to fully understand the interactions between plants and their
associated soil microbes, we need a detailed understanding of their
distribution and drivers under natural conditions. In chapter I, I in-
vestigated the multiscale patterns and environmental drivers of AM
fungi within natural settings, where I used the system of P. lanceo-
lata in its naturally fragmented populations across the Aland Islands,
Finland (Figure 2a). To determine the multiscale patterns, I sampled
P. lanceolata roots and associated soil using a nested hierarchical
design (neighbouring plants, subpopulations, populations, regions;
Figure 2b). I analysed AM fungal colonization levels in roots using
microscopy and determined community composition in roots and
soil using DNA metabarcoding. I also determined the environmental
conditions around sampled plants: I took soil samples to determine
pH and nutrient levels, I measured aboveground and belowground
climate data (temperature and relative humidity) using data loggers,
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Figure 2 For chapter I, I determined the multiscale patterns and drivers of arbuscular
mycorrhizal fungal communities by sampling root and soil samples from plants from
several populations (marked as black circles in the inset) within the Aland Islands, Fin-
land (a). Samples were taken in a hierarchical nested design with increasing distance
between samples (b).
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and | measured soil moisture using a moisture meter. To understand
the impact of the biotic conditions, | assessed the neighbouring plant
communities within a 35 cm square around the focal plant and me-
tabarcoded the roots to determine the non-AM fungal community.

I also observed P. lanceolata populations in Sweden through
my contribution to the global plant demographic network PlantPopNet.
Here, researchers across the globe perform demographic surveys of P.
lanceolata populations, following the same 100+ plants, noting yearly
emergence, growth, disease and death. As part of the network, | annual-
ly surveyed one population in the vicinity of Stockholm. | furthermore
used soil inoculum and seeds from this and two other PlantPopNet
populations in the Stockholm area for chapter 111, and recorded tem-
perature, soil moisture, and AM fungal colonization using the same
methods as in chapter I. This allowed me to combine information from
natural populations with experimental approaches to test the effects
of the environment on plants and soil communities (described more
below, I11).

3.2 Experimental studies
By using multifactorial experimental studies, we can tease apart the
mechanisms and the importance of drivers in shaping natural systems.
During my PhD, | conducted several experimental studies. To investi-
gate the colonization ability of AM fungi, | used a mesocosm approach
(Figure 3, I1). More specifically, I used 180 cm diameter mesocosms
(paddling pools) filled with sterile soil, where I placed an AM fungal
inoculated plant in the centre, and surrounded this focal plant by
non-inoculated receiver plants placed at different distances (10, 30
and 70 cm from the centre of the mesocosm). In this experiment | used
a commercial inoculum of AM fungi, which contained three common
AM fungal species. | investigated dispersal of AM fungi to receiver
plants over time by taking soil cores every two weeks. To test the effects
of plant genetic variation and the influence of other soil organisms, I
used different plant genotypes for the receiver plants and inoculated a
quarter of the mesocosms with nematodes.

To test how climate (elevated temperature and drought) can
impact the ecology and evolution of plant-soil microbe interactions, |
used a reciprocal, multifactorial growth chamber experiment (Figure
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Figure 3 For chapter 11, | investigated colonization abilities of arbuscular mycor-
rhizal (AM) fungi using mesocosms (paddling pools). The experiment took place at
The James Hutton Institute in Scotland, UK. In the centre | placed a source plant inoc-
ulated with AM fungi and/or nematodes and | placed non-inoculated receiver plants at
10, 30, and 70 cm distances from the centre of the pool.

4; 111). 1 grew plant seeds originating from the three PlantPopNet pop-
ulations described above, grown with soil microbial inoculum from the
same three populations. Plants were then placed in climate chambers

Figure 4 For chapter I11, | investigated how temperature and soil moisture impacted
plant-soil microbe interactions by growing plants from different natural populations
with different soil microbe communities under high and low temperature and water-
ing. Here shown Plantago lanceolata plants in the growth chamber at Stockholm Uni-
versity.
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of either high (25°C) or low (15°C) temperature, and kept at high (40%
water volume) or low (10% water volume) soil moisture.

In the last chapter, | investigated how the presence of AM fungi
influenced plant and herbivore performance, and whether AM fungi
and plant and herbivore genetic variation would influence plant-her-
bivore interactions (Figure 5, 1V). | inoculated half the plants using
a natural community of AM fungal spores extracted from the soil of a
P. lanceolata population from the Aland Islands. The other half were
kept sterile. | measured plant and larval growth over the experimental
period using several plant genotypes, with or without AM fungal inoc-
ulation, subjected to herbivory of larvae from different families.

Figure 5 For chapter 1V, I investigated the effects of genetic variation within plants
and herbivores on plants’ response to arbuscular mycorrhizal fungi. Plantago lance-
olata plants at the Aland Férsoksstation, Finland, left, (photo by Kristina Karlsson
Green) and an adult Glanville fritillary butterfly (Melitaea cinxia) from Aland, right
(photo by Saskya van Nouhuys).

3.3 Laboratory methods
3.3.1 MICROSCOPY

As the name rightfully shows, microbes are microscopic beings, which
means that we need some device or method in order to detect their
presence. Robert Hooke and Antoni van Leeuwenhoek first detected
microbes in the years between 1665-1683 using microscopy (Gest
2004), and microscopy is to this day still a vital part of the study of
soil microbes. However, as with all methods there are benefits and
drawbacks. Microscopy can be time consuming and identification of
species can at times be difficult or require decades of expertise, thereby
limiting species resolution. Furthermore, due to e.g. seasonality of
organisms, some species may be present but not in the right stage to be
observed during parts of the season. However, this could potentially be
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counteracted by sampling multiple times during the year. On a similar
note, spore identification can be used to estimate the diversity of AM
fungal species found within the soil surrounding plants, but not tell ex-
actly which species are colonizing which plants. During my PhD, | used

microscopy in all experiments: to determine AM fungal colonization

levels, identify AM fungal spore morphospecies and to determine nem-
atode abundances. Despite the potential weaknesses of these measures,
determining AM fungal colonization levels and nematode abundances

remains common measures in studies of these organisms, and contin-
uing their use gives important insights and allows us to easily compare

findings from different studies.

3.3.2  METABARCODING

During the past decade, molecular methods such as DNA metabarcod-
ing have made great strides in the study of soil microbial communities.
A great contributor to the increasing popularity of molecular methods
in many studies is that it has become more affordable. Furthermore
it overcomes some of the problems associated with using previous
measures (microscopy) in the assessment of soil communities: i) in-
stead of determining community composition only in the soil, you may
sequence the roots of plant individuals, thereby giving information of
the communities associated with specific plant individuals or species.
ii) Species resolution may be increased as identification of morpho-
logically indistinguishable species is possible. iii) Molecular methods
may be less sensitive to factors that can hinder species detection (e.g.
seasonality where for example spores are not present at certain times
of the year). As such, molecular methods may give a more thorough
understanding of the distribution of species and give a deeper resolu-
tion of the species found within a community compared to microscopy.
As a drawback, while we in the case of AM fungi have linked the species
previously described by morphOlogy to operational taxonomic units
(OTUs; Opik et al. 2014), these morphospecies/OTUs may actually
contain a collection of related species (Bruns et al. 2017).

OTU is a practical term used for classifying (typically) microbes
into “species” based on DNA sequence similarity. Such naming system
is often used when exact taxonomic assignment is impossible or irrele-
vant (Hugerth 2016). To sequence specific taxonomic groups, a section
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of the DNA is chosen, called a barcode or a target specific primer. For
most fungi, scientists have agreed to target the same barcode region
called the internal transcribed spacer (ITS) region. Using the same
barcode for all fungi allows comparison among studies (Schoch et al.
2012). However, this region is not particularly well suited to determine
AM fungal communities, as it may not always pick up all the AM fungal
species present (Lekberg et al. 2018). A few other sets of barcodes
have been suggested for AM fungi, but there is no consensus among
researchers for the best barcode region (Hart et al. 2015). Furthermore,
different delineating methods (e.g. using different clustering methods
to get OTUs) may result in different community patterns (Lekberg et al.
2014, Bruns and Taylor 2016).

There are several steps to go through to get from a root or soil
sample to a list of the fungal species within the samples. Below | will
describe the method that | used in chapter | to metabarcode root- and
soil-associated fungi. These steps are illustrated and described in
Figure 6, which however does not cover all the intricacies and biases of
each involved step.

3.3.3  STATISTICS

When having a single response variable (e.g. species richness, diversity)
| frequently used generalized linear mixed models (GLMM). GLMM is
based on linear regression where predictors (fixed and random effects)
are used to predict the values of the response variable.

For community data, such as that in chapter I, | had more than
one response variable, and | therefore used multivariate analyses.
Such methods allows you to analyse a whole community instead of
each single species in turn, and may give insights not detected by using
univariate methods. There are many different types of multivariate
analyses, some of these analyses group multiple variables into smaller
subsets thereby aiding interpretation (e.g. principal component anal-
yses, PCA), while others cluster groups together based on similarity or
dissimilarity (e.g. non-metric dimensional scaling, NMDS). | used par-
tial redundancy analyses (partial-RDA) in chapter 1. With this method
it is possible to remove the effect of one or more explanatory factors on
the response variables. In my case, I was able to ‘partial out’ the effect
of either distance (spatial patterns) or environmental variables on the
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Figure 6 Here illustrated the steps from an environmental sample to a final species
table. I sequenced both soil and root samples (a). If a root sample, I grinded the root
to a fine powder first (b). I transferred the sample to a tube (c) and extracted DNA (d).
During the polymerase chain reaction (PCR) I used target specific primers (AML2-
NS31 for arbuscular mycorrhizal (AM) fungi, and fITS7 and ITS4 for non-AM fungi)
with added tags and handles (e). I did this step in two parts for the AM fungal commu-
nity, where tags and Illumina handles were added in a second PCR step. During PCR
the tagged DNA is amplified (f). I pooled DNA from all samples (g) and sent samples
to be sequenced using Illumina or PacBio platforms (h). After this, reads were cleaned,
“wrong” DNA sequences were removed, and the sequences aligned and merged (i). In
the end, reads were clustered together into OTUs based on specific criteria, in my case
based on 99% (AM fungi) and 98.5% (non-AM fungi) similarity. This resulted in a list
of OTUs that was taxonomically matched to a reference database in order to identify
what actual species the OTUs corresponded to (j). If such a reference database is lack-
ing, OTUs can be used directly to answer ecological questions.
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community composition, thereby allowing me to determine how much
of the community composition was determined by i) spatial patterns,
i) environmental patterns, iii) how much variation is shared by both
spatial and environmental factors, and iv) how much of the variation
remained unexplained (Figure 7).

Figure 7 In chapter I, | used partial-RDA and variation partitioning to determine the
relative importance of space and environment on the arbuscular mycorrhizal fungal
community in roots (a) or soil (b).
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4. Insights
4.1 Large small-scale variation of natural AM fun-
gal communities (1)

One of the key questions asked in ecology is how species are distribut-
ed and what drives these distributional patterns. For many centuries
great progress was made describing species patterns aboveground
and in the last decades the belowground world has been getting some
of the attention it rightfully deserves. However, we still lack detailed
understanding of the multiscale patterns and environmental drivers of
plant-associated belowground communities.

In chapter I, I first assessed the multiscale patterns of AM fungal
communities using a hierarchical nested sampling design (Figure 2). |
used operational taxonomic units (OTUs) and determined how similar
(many OTUs shared) or dissimilar (few OTUs shared) communities
were. Soil communities furthest apart, among regions (c. 30-60 km
apart), among populations (c. 5-10 km apart) and among subpopula-
tions (c. 5-10 m apart) all showed similar patterns of high dissimilarity
among communities. Interestingly, at the smallest spatial scale (among
neighbouring plants, c. 10-50 cm apart), | frequently, but not always,
found high variation in community composition. Meaning that AM
fungal communities from two neighbouring plants were in some cases
fairly similar with many shared OTUs, while for other neighbouring
plants the AM fungal communities were very dissimilar.

I also investigated the environmental factors driving AM fungal
community composition. | found that AM fungal communities could,
for alarge part, be explained by many of the environmental parameters
investigated, with pH and NH4 identified as the main drivers (Figure
8). Furthermore, climate, plant community composition, and root-as-
sociated non-AM fungal composition correlated with the composition
of AM fungi (Figure 8). Spatial patterns and environmental drivers
played an equally large part in explaining the composition of AM
fungal communities (Figure 7). However, a large part of the variation
remained unexplained which may be due to factors and processes not
measured in the study.

Previous work on AM fungi has contributed greatly to our knowl-
edge on AM fungal spatial patterns (e.g. Wolfe et al. 2007, Mummey
and Rillig 2008, Kivlin et al. 2011, Davison et al. 2015), however,
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Figure 8 In chapter I, | show how arbuscular mycorrhizal fungal communities (dots)

in roots (a) and soil (b) are shaped by environmental drivers (shown by arrows). When

a community is shown perpendicular to an environmental driver it approximates the

position of that community along that driver. As such, communities can be compared

with regards to specific environmental drivers. AG = aboveground, BG = belowground,

G = growing season, NG = non-growing season.

this work has largely focused on either small scale or global patterns

(though see Chaudhary et al. 2014). Furthermore, these studies have

mainly investigated patterns in mixed vegetation, thereby confounding

spatial scale with plant community composition. In this study | provid-
ed a robust multiscale description of the distribution and drivers of AM

fungal communities, and furthermore focused on the AM fungal com-
munity associated with a single focal plant species. From the results of
this study, in combination with chapter 1V, | concluded that the large

variation of AM fungal communities at small spatial scales may have

a large influence on maintaining local scale variation in aboveground

biodiversity and dynamics.

4.2 Dispersal limitation and plant genetic variation
may shape large small-scale variation of natural AM
fungal communities (1)

Many soil microbial communities have limited geographical distribu-
tions, and in chapter I, I showed that there is high AM fungal species
turnover at small spatial scales (see also e.g. Wolfe etal. 2007, Mummey
and Rillig 2008). At the spatial scales of a few cm to several m such
patterns may be caused by e.g. dispersal limitation, environmental
factors or species interactions (Ettema and Wardle 2002, Chaudhary
et al. 2008). Furthermore, plant genetic variation often impacts AM
fungal colonization, and could therefore also play a part in the spatial
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distribution of AM fungi. While these factors have often been studied
in isolation, few have studied the simultaneous effect of dispersal
limitation, plant genetic variation and interspecific interactions on
small-scale patterns of AM fungi.

In chapter II, I took an experimental approach to investigate
the colonization abilities of AM fungi within controlled settings using
large mesocosms (Figure 3). I additionally investigated whether plant
genetic variation and other soil organisms (nematodes) influenced AM
fungal dispersal patterns. I found that AM fungi showed clear patterns
of dispersal limitation, where receiver plants placed close to the source
plant were colonized earlier and to a higher degree than receiver plants
placed further away (Figure 9). Plant genetic variation influenced col-
onization levels at the early stages of colonization, where some plant
genotypes were colonized more than others. Nematodes did not influ-
ence the colonization ability of AM fungi, but showed similar evidence
of dispersal limitation themselves: nematodes were more abundant on
plants close to the source plant than on plants further away.

While next generation sequencing studies are providing
high-quality descriptions of the spatial distribution of AM fungi, we
have lacked insights in the local and spatial factors that shape these pat-
terns. The multifactorial approach used here directly targeted the un-
derlying mechanisms, and thereby advances the research field beyond
the descriptive status quo. By taking an experimental multifactorial
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Figure 9 In chapter II, I show arbuscular mycorrhizal (AM) fungal colonization of
plants as a function of distance from an AM fungal inoculated source plant at week 2
(a) and week 10 (b). The colour of the data points represents plants of the four plant
genotypes. A trend line (black) is shown for the overall relationship between AM fungal
colonization and distance.
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approach, I provide new knowledge that dispersal limitation and plant
genetic variation may jointly shape the large small-scale heterogeneity
found in natural AM fungal communities (1), thereby shedding light
on the ecological and genetic drivers of this large small-scale variation.

4.3 Elevated temperature and drought affect the
ecology and evolution of plant-microbe interactions
(1)

As the climate changes, with projected elevated temperatures and
changes in drought events and rainfall regimes (IPCC 2014), we may
see changes in species distributions and interactions (Berg et al. 2010).
Using our existing knowledge of the relationship between the distribu-
tion of natural soil microbial communities and environmental drivers,
in combination with manipulating climatic conditions, we may gain
insight into how future environmental change can affect interactions
between plants and their soil microbial communities.

In chapter 111, | used a reciprocal multifactorial growth chamber
experiment to investigate how climate (temperature and soil moisture)
can impact the ecology and evolution of plants and AM fungi (Figure 4).
| found that plant growth and AM fungal colonization increased under
elevated temperature. Furthermore, low soil moisture, mimicking low
rainfall or drought conditions, led to reduced plant growth and higher
belowground biomass, but led to no changes in AM fungal colonization.
The composition of the soil microbial community influenced plant
growth and AM fungal colonization. Interestingly, I found significant
interactions between temperature and soil moisture, temperature and
plant origin, and temperature and microbial origin on plant growth. As
temperature impacts both plants and soil microbes, temperature could
thereby influence plant-soil microbe interactions. This could result in
variable responses of plants and soil microbes to climate change in
nature.

I also investigated whether plant growth and AM fungal colo-
nization increased when grown under local compared to non-local
conditions. | found that plants performed worse in their local soil
(Figure 10), though AM fungal colonization did not differ between local
and non-local plant genotypes. Studies focusing on plant-AM fungal
interactions typically find higher performance when plants are grown
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in their local soil, and the likely explanation for why plants performed
worse in this study may be due to the use of a natural community of
both beneficial and antagonistic soil microbes. Within populations in
situ, local pathogen species may have adapted to the surrounding plant
genotypes, leading to a build-up of locally adapted plant pathogen
genotypes, or alternatively the plants may have changed the local soil
community composition through plant-soil feedbacks, e.g. by changing
the ratio of beneficial and antagonistic species or by the increase or
decrease of specific species.

Figure 10 In chapter 111, I show how plant shoot (a) and root (b) biomass differ for
plants grown with their local or non-local soil microbial community.

While we know that the interactions between plants and soil
microbes can have a major impact on the diversity and functioning of
terrestrial communities, we have lacked insights in the consequences
of climatic changes on these plant-soil microbe interactions. Here, |
provided experimental insights into the impact of climatic conditions
on both the ecology and evolution of plant-soil microbe interactions.
Furthermore, by placing these understudied interactions into an eco-
logical, evolutionary and climate change framework, | was able to show
that plant populations will differ in their response to climate change,
thereby creating spatial variation in the ecological and evolutionary
outcome of plant-soil microbe interactions.

4.4 Plant and insect genetic variation may shape
the impact of AM fungi in natural plant—herbivore in-
teractions (1V)

Crucial interactions take place between the above- and belowground
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world, and though we have long known the importance of earth worms
on soil fertility (Darwin 1881) and the effect on aboveground plant
fitness, little was known about soil microbes, their interactions with
plants and their cascading effects aboveground. Luckily the focus on
aboveground-belowground interactions has increased within the
last decades (e.g. Bezemer et al. 2005, Bardgett and Wardle 2010).
Although studies indicate that genetic variation within plants and
herbivores may impact their performance and interactions, we lack
insights into how soil microbes such as AM fungi, in combination with
genetic variation of plants and herbivores, may alter the outcome of
plant-herbivore interactions.

In chapter 1V, I investigated how AM fungal colonization in-
fluenced plant performance and whether this was mediated by plant
genetic variation (Figure 5). | additionally investigated whether the
impacts of AM fungal colonization would cascade up to higher trophic
levels, as here represented by a plant-feeding insect. While AM fungi
often increase plant growth (Hoeksema et al. 2010, Treseder 2013), |
found that there was no consistent positive or negative effect of AM fun-
gal colonization on plant growth (Figure 11). Instead, plant genotypes
differed in their response to AM fungi where some plant genotypes
grew more and others less, which demonstrates that the effect of AM
fungi on plant growth may range from mutualistic to parasitic. For the
insect herbivores feeding on the plants, | found a similar pattern - there
was no consistent positive or negative effect of AM fungal colonization
(Figure 11). Again, the effect was mediated by larval genetic variation,
where larvae from different families either increased or decreased in
growth depending on the AM fungal colonization treatment.

This study merged the paradigms of community genetics and
belowground-aboveground interactions, thereby contributing to our
understanding of the role of genetic variation in the ecology of be-
lowground-aboveground interactions. From the findings, I concluded
that genetic variation of plants and herbivores aboveground and the
presence of soil microbes belowground can play a key role in the
ecology of plant-insect interactions in natural systems, with potential
consequences for their evolutionary dynamics.
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Figure 11 In chapter 1V, I show the interactive effect of arbuscular mycorrhizal (AM)
fungal treatment and plant genetic variation on plant leaf length (a), and AM fungal
treatment, plant and larval genetic variation on larval growth (b, c). Typically, when
lines cross or differ markedly in slope it indicates an interactive effect: in these graphs
I show that plant lines and larval families respond differently to the AM fungal treat-
ment.
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5. Concluding remarks and future perspec-
tives

The main goal of my thesis was to investigate the spatial patterns of
soil microbial communities, to quantify what the driving forces of such
patterns were, and lastly to illustrate ways soil microbial communities
may impact aboveground organisms and dynamics. Through my work,
I found that AM fungal communities frequently show large variation
at small spatial scales (less than 1 m), such that communities of neigh-
bouring plant roots can show fairly high or low similarity (Figure 12a,
1). Increasing the spatial resolution, | found that this variation decreas-
es as communities become consistently more dissimilar (Figure 12b;
1). The high variation at small spatial scales may be a contributor to
maintaining high local heterogeneity in aboveground plant-associat-
ed communities (Figure 12c¢). The small-scale heterogeneity may be
caused by dispersal limitation (I1), abiotic conditions (I, 111) and biotic
conditions, including intra- and interspecific variation (I, I1). The spa-
tial distribution of soil microbes, in combination with genetic variation
may furthermore influence the ecology and evolution of aboveground
plant-herbivore interactions (Figure 12f-g, 1V).

Through the work of the four chapters, | have shed light on the
spatial patterns and environmental drivers of AM fungi and explored
the effect of AM fungi on aboveground systems. However, when plan-
ning and performing experiments and analysing your data, many ideas
pop up. Some ideas and plans we discussed at length, but did not end
up in this thews: i) we had to skip some ideas because there simply was
not enough time to carry them out, ii) some experiments failed, iii) we
did all the work but there was no time left to analyse the data before
finalizing this thesis, or iv) the scope of the work did not fit well into the
current thesis. Other ideas emerged during the writing of the articles
and this kappa, and may be projects for the future. This however, clear-
ly showed me that there are many ideas and unanswered questions left
to explore. Below I have listed a few of these questions - questions that
I find both interesting and novel, and which in most cases are actually
semi work-in-progress.

26



INCREASING THE SPATIAL SCALE — As part of chapter I, | studied how
spatial patterns of AM fungi varied over different spatial scales. While I
covered a large range of distances among samples (from c. 10 cm to 60
km), it would be interesting to increase the spatial extent of the study
(Figure 12d). At global scales we may find that spatial patterns are dif-
ferent, or that in different continents the contribution of drivers differ.
Through the PlantPopNet network | contributed to sampling the roots
from P. lanceolata plants at three PlantPopNet populations in Sweden
and other researchers around the globe have similarly sampled roots.
Such sampling scheme could be used to increase the spatial extent of
chapter I, thereby reaching from the fine-scale (few cm) to global scale
(thousands of km).

SAMPLING IN ARCTIC HABITATS — Another option is to study the
spatial patterns and environmental drivers within another ecosystem
(Figure 12e). In this thesis | focused on temperate regions, which have
been covered well in the literature. The Arctic is a much less studied,
especially when it comes to AM fungi. It is assumed that the main my-
corrhizal type is ectomycorrhiza, with little input from arbuscular myc-
orrhiza. However, | did a large study of roots from several Arctic plants
collected across an altitudinal gradient in Zackenberg, Greenland
which showed the presence of AM fungi in most of these plant species.
Studying the samples further may give us an idea of the diversity of AM
fungi in the Arctic, and it may further tell us how climate (and climate
change) can influence the communities found here.

PATTERNS AND DRIVERS OF NEMATODE COMMUNITIES — The initial
plans of the PhD had been to focus more generally on soil communi-
ties, focusing equally on AM fungi and nematodes. Currently, | have
begun a project which investigates the multiscale patterns of nematode
communities using samples taken at the same time as soil and root
samples for chapter I. The aim is to study the spatial patterns and driv-
ers displayed for nematode communities within natural systems. Such
a study will be interesting, as it will inform us about which processes
drives spatial patterns of natural nematode communities at different
scales. Furthermore, we may see whether nematodes show different
patterns than AM fungi in this system, potentially due to their different
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Figure 12 Conceptual figure of the main conclusions and a selection of future studies.
Arbuscular mycorrhizal (AM) fungal communities frequently showed high or low simi-
larity at small spatial scales (1), illustrated here by different coloured circles (a). Circles
within the same tone are more similar than circles of different overall colour, e.g. green
versus brown. This high small-scale variation may lead to local aboveground heteroge-
neity (b), here indicated by different coloured plants. At larger scales soil communities
were more consistently dissimilar (1), shown by completely different blue colour tones
(c). Ideas for the future would be to increase the spatial sampling to global scales (d) or
focus on Arctic habitats (e). The belowground spatial variation may have consequences
aboveground. Different AM fungal communities, shown by differed coloured circles, in
combination with plant (f) and insect (g) genetic variation, shown by different coloured
plants and larvae, may shape the evolution of plant-herbivore interactions, as indicat-
ed by the different sizes of plants and herbivores (1V).
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dispersal mechanisms and responses to the environment.

TEMPORAL PATTERNS — Soil organisms can vary in community compo-
sition over time (e.g. Mundra et al. 2015). Although, we currently have

a snap shot in time of the soil community composition within natural

settings (1), we do not know the temporal dynamics of such patterns.
In aside project, | sampled P. lanceolata populations in Aland, Finland,
which had been examined 9 years earlier. In this study we have data on

AM fungal colonization, which will show whether colonization changes

almost a decade later. Furthermore, it would be interesting to study if
and how communities differ. Do we see radical shifts in which fungal
species are present? Or will changes mainly be seen in abundances of
the still present fungal species?

PLANT-SOIL INTERACTIONS — While a large part of my PhD solely
focused on the belowground world, there is much more to learn about
the impact soil communities can have on plants and aboveground
organisms and processes. As part of chapter 111, | studied how plants
and AM fungi differed when grown in local versus non-local soil, and
found that plants grew better when grown in non-local soil. However,
within this study | was not able to disentangle the mechanisms behind
this result. Was the negative effect on plants due to changes in the
belowground community or adaptation of specific microbial species?
To answer this question, root samples from the experiment has been
sent for sequencing. Results may show whether communities are the
same within all soil inoculum treatments, indicating adaptation of local
soil microbial genotypes, or whether communities differ, suggesting
changes in the community composition, potentially due to plant-soil
feedbacks.
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