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Foreword

This is a cumulative dissertation that includes author-formatted versions of the below listed

four peer-reviewed and published articles. All references in the articles, as well as references

in the general introduction and discussion (Chapters 1 and 5), have been merged and

provided at the end of this dissertation.

Grinfeld, L., Wulf, M., Rillig, M. C., Manntschke, A., & Veresoglou, S. D. (2020).
Neighbours of arbuscular-mycorrhiza associating trees are colonized more extensively
by arbuscular mycorrhizal fungi than their conspecifics in ectomycorrhiza dominated
stands. New Phytologist, 227, 10-13.

https://doi.org/10.1111/nph.16377 Chapter 2

Grinfeld, L., Mola, M., Wulf, M., Hempel, S., & Veresoglou, S. D. (2021). Disentangling
the relative importance of spatio-temporal parameters and host specificity in shaping
arbuscular mycorrhizal fungus communities in a temperate forest. Mycorrhiza, 31(5),
589-598.

https://doi.org/10.1007/s00572-021-01041-6 Chapter 3

Grinfeld, L., Rillig, M. C,, Skias, G., & Veresoglou, S. D. (2022). Arbuscular mycorrhizal
root colonization depends on the spatial structure of the host plants. Mycorrhiza, 1-9.

https://doi.org/10.1007/s00572-022-01087-0 Chapter 4a

Veresoglou, S. D., Griinfeld, L., & Mola, M. (2021). Micro-Landscape dependent
changes in arbuscular mycorrhizal fungal community structure. Applied Sciences,
11(11), 5297.

https://doi.org/10.3390/app11115297 Chapter 4b
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Summary

Arbuscular mycorrhizal (AM) fungi have gained immense research interest due to their symbiotic
relation with roots of most terrestrial land plants. Diverse positive effects on plant health and fitness,
as well as a high ecological relevance for many other below-and aboveground processes have been
recognized. Despite growing research ambitions, sufficient knowledge on drivers and their relative
impacts on AM fungal communities at varying scales and ecosystems is lacking. Very little attention
has been paid to the interrelation of the spatial structure of AM host plants (here meaning the small-
scale distribution of host plant individuals or populations) and AM fungal community dynamics,
although deeper insights could move forward the development of theoretical community frameworks
applicable to these important endosymbionts. The work presented in this thesis aimed to study the
effects of host plant spatial structure for the establishment of mycorrhizal symbiosis as well as for AM
fungal diversity and community composition. To do so, controlled experiments mimicking micro-
landscapes of AM fungal habitats were conducted and compared with observational data from
temperate forests in Germany. In the experiments, we used meta-community designs to test the
responses of root colonization, AM fungal diversity and community composition to levels of habitat
connectance or habitat heterogeneity. We assayed rates of root colonization across forests sites
differing in AM-associating plant cover. For assessing the importance of further spatio-temporal
parameters and host-specificity we surveyed AM fungal communities within one of the forest sites
over two years. As expected, we observed a consistent pattern of higher rates of root colonization at
a higher proximity of host plants, which in the case of the field study was a higher cover of AM-
associating woody plants and in the case of the experiment treatments a higher connectance of host
plant patches. There were generally no clear effects of habitat structure on AM fungal diversity and
community composition in both the field and the experimental study. In the field, the main finding
was that spatial parameters, followed by host identity, more strongly affected AM fungal assemblages
than temporal parameters. In the experiments, we observed within-experimental-unit differences of
beta-diversity between pairs of long- and short-distance patches as well as between pairs of different
habitat quality, which rendered those communities less predictable. In conclusion, we present
empirical evidence for a co-variation of AM plant host structure and AM fungal abundance. These
findings are of importance for the restoration or management of natural forest habitats, as well as for
sustainable agriculture. Furthermore, this work supports previous findings of high stochasticity in AM
fungal communities, highlighting the need for further research into spatial scale-specific drivers of this

important organism group.



Zusammenfassung

Arbuskulare Mykorrhizapilze (AM) haben aufgrund ihrer symbiotischen Beziehung mit den Wurzeln
der meisten Landpflanzen breites Forschungsinteresse geweckt. Es sind vielfiltige positive
Auswirkungen auf die Gesundheit und Fitness von Pflanzen, sowie eine hohe Relevanz fir viele
weitere unter- und oberirdische 0©kologische Prozesse bekannt. Trotz wachsender
Forschungsanstrengungen fehlt es jedoch an ausreichend Kenntnissen tber die Einflussfaktoren auf
AM-Pilzgemeinschaften auf verschiedenen raumlichen Ebenen unterschiedlichster Okosysteme. Die
Wechselbeziehung zwischen der raumlichen Struktur von AM-Wirtspflanzen (hier gemeint die
kleinrdumige Verteilung von  Wirtspflanzenindividuen oder -populationen) und AM-
Pilzgemeinschaften wurde bisher nur wenig untersucht, obwohl tiefere Einblicke die Entwicklung
theoretischer Konzepte fiir diese wichtigen Endosymbionten voranbringen kdnnten. Die in dieser
Dissertation vorgestellten Arbeiten zielen darauf ab, die Auswirkungen der raumlichen Struktur der
Wirtspflanzen auf die Wurzelkolonisierung, sowie auf die Diversitdt und die Zusammensetzung der
AM-Pilzgemeinschaft zu untersuchen. Zu diesem Zweck wurden Gewdachshausexperimente
durchgefiihrt, in denen Mikro-Landschaften bestehend aus Wirtspflanzen-Habitaten nachgeahmt
wurden, und diese mit Beobachtungen aus Waldstandorten verglichen. In den Experimenten
verwendeten wir meta-community Designs, um die Reaktionen von Wurzelkolonisierung, AM-
Pilzdiversitdat und Artenzusammensetzung in Abhadngigkeit von Habitat-Konnektivitdat und Habitat-
Heterogenitdt zu testen. In den Waldern untersuchten wir die Wurzelkolonisierungsrate in
Standorten, die sich im Bedeckungsgrad von AM-assoziierten Pflanzen unterschieden. Um die
Bedeutung weiterer raumlicher und zeitlicher Parameter und die der Wirtsspezifitat zu beurteilen,
untersuchten wir die AM-Pilzgemeinschaften an einem der Waldstandorte (iber zwei Jahre hinweg.
Wie erwartet beobachteten wir ein konsistentes Muster hoherer Wurzelkolonisierungssraten bei
kleinerem Abstand zwischen den Wirtspflanzen, was in der Feldstudie eine héhere Deckung von AM-
assoziierten holzigen Pflanzen, und in den Experimenten eine hohere Konnektivitdit von
Wirtspflanzenfeldern bedeutete. Sowohl in der Feldstudie als auch in der experimentellen Studie gab
es im Allgemeinen keine eindeutigen Auswirkungen der Habitatstruktur auf die Diversitat der AM-
Pilze, sowie die Artenzusammensetzung. Aus den Walddaten zeigte sich vor allem, dass raumliche
Parameter, gefolgt von der Identitdt der Wirtspflanze, die Artenzusammensetzung der AM-Pilze
starker beeinflussten als zeitliche Parameter. In den Experimenten beobachteten wir innerhalb
einzelner Mikro-Landschaften Unterschiede in der Beta-Diversitat zwischen entfernten und nahen
Habitat-Feldern, sowie zwischen Habitatfeldern mit unterschiedlicher Bodenqualitdt, was die
Artenzusammensetzung der AM-Pilze weniger vorhersehbar machte. Zusammenfassend zeigen die

Studien eine Kovariation von Wirtspflanzenstruktur und der Abundanz von AM-Pilzen. Diese



Erkenntnis ist bedeutend fir die Wiederherstellung und Bewirtschaftung nattrlicher Walder, sowie
flr eine nachhaltige Landwirtschaft. Darliber hinaus bestatigt diese Arbeit friihere Erkenntnisse Gber
eine hohe Stochastizitdt in AM-Pilzgemeinschaften und unterstreicht die Notwendigkeit weiterer
Forschung an standortspezifischen Faktoren, die fiir die Arten-Zusammensetzung dieser wichtigen

Organismengruppe von Bedeutung sind.



“In the end, we will conserve only what we love; we will love only what we understand, and

we will understand only what we are taught.” — Baba Doum
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Chapter 1: General introduction

Chapter 1: General introduction

A primary goal of community ecology is to understand the factors responsible for the distribution and
composition of organisms in a target environment. Due to alarming environmental and climate
changes around the world, this branch of basic research has become increasingly important even
outside the scientific community, not least to protect biodiversity-related ecosystem functions.

Our knowledge of species distribution varies drastically among groups of organisms. The study
of microbial communities remains a methodological challenge because, for example, in situ cultivation
in the laboratory can be difficult and suitable analytical methods are sometimes lacking. However, with
the development of molecular techniques, particularly high-throughput sequencing, since the early
1990s, large strides have bene made in addressing knowledge gaps in microbial ecology.

The group of arbuscular mycorrhizal (AM) fungi is of particular interest due to their high
ecological relevance. However, their symbiotic associations with host plants poses a challenge for
unravelling the mechanisms responsible for dispersal and community composition. Among numerous
abiotic and biotic factors structuring AM fungal communities, the role of local host plant distribution
is indispensable, yet only poorly understood. Therefore, a major objective of this work is to explicitly
investigate the influence of host plant spatial structure and thereby improve our understanding of AM

fungal community dynamics.

Arbuscular mycorrhizal fungi and their ecological relevance

Arbuscular mycorrhiza represents a symbiosis between the roots of most terrestrial plants and a group
of soil fungi belonging to the phylum Glomeromycota. Based on fossil evidence, it is estimated that the
coevolution of AM fungi and plants dates back to about 500 million years and that prehistoric AM fungi
may have played a critical role in plant land colonization (Redecker et al., 2000).

AM fungi are obligate biotrophs that can — according to present knowledge — only complete
their life cycle in the presence of a host plant. As endosymbionts they obtain photosynthetic
carbohydrates from their host through absorptive structures called arbuscules, which are formed
within the cortical cells of the host plant roots. In return, AM fungi provide phosphorous, nitrogen and
micronutrients to the plant host. This often results in an enhanced nutrient acquisition from the soil
by the plant and increased net primary production (Smith & Read, 2008). In addition to these direct
nutritional effects, other benefits, such as increased resistance to drought (Augé, 2001; Ruiz-Lozano et
al., 2012; Bahadur et al., 2019), heavy metals (Riaz et al., 2021) and salinity (Evelin et al., 2009) by the
plants have been described in the presence of arbuscular mycorrhizae. Furthermore, AM hyphal
networks play a role in connecting plant individuals by nutrient transport. In addition to their
importance as symbionts, AM fungi interact with numerous other soil organisms, including microbes

(bacteria and other fungi), earth worms or nematodes (e.g., Toljander et al., 2006; Veresoglou & Rillig,
11



Chapter 1: General introduction

2012; Paudel et al., 2016; Emmett et al., 2021). AM fungi even affect soil structure as their extraradical
hyphae contribute to the stability of water stable soil aggregates (Rillig & Mummey, 2006; Leifheit et
al., 2014). Thus, AM fungi are important players in many below- and aboveground processes that affect
the functioning of ecosystems.

The characteristics described above and the fact that many aspects of AM fungi are not yet
well understood make them a highly relevant study object. Research is still needed to better
understand mechanisms on the organism level up to their role in natural ecosystems. There is also a
growing interest and debate on their potential for ecosystem restoration and ecological sustainable
agricultural management, such as crop yield optimization (Hart & Trevors, 2005; van der Heijden et al.,

2008; Hart et al., 2018; Rillig et al., 2019)

Dispersal and distribution of AM fungi

AM fungi utilize various dispersal strategies including different propagule types and dispersal agents.
Propagules exist in the form of spores, sporocarps, extraradical hyphae or fragments of colonized plant
roots (Smith & Read, 2008). AM fungi actively disperse through growth of their extraradical mycelium.
Furthermore, wind (e.g., Chaudhary et al.,, 2020) and water (e.g., LeBrun et al., 2018) have been
identified as abiotic agents related to the long-distant dispersal of spores. There are several studies
suggesting AM fungal spore dispersal through small mammals (VaSutova et al., 2019). Other biotic
agents, such as soil invertebrates, birds, and larger mammals (including human activities) play a role,
but are relatively understudied (Paz et al., 2021).

Along with geohistorical factors, this variety of dispersal mechanisms is suspected to support
widespread global distributions of the great majority of AM fungal taxa (Davison et al., 2015). Despite
a comparably low rate of endemism, several studies have observed significant variations in community
composition at smaller scales (Wolfe et al., 2007, Mummey & Rillig, 2008; Dumbrell et al., 2010a;
Hazard et al., 2013; Avio et al., 2020). At those more local or regional (sometimes termed as plot scale
and landscape scale, respectively) several potential drivers have been proposed and investigated that

shape AM fungal distributions.

Abiotic drivers

There is broad consensus that soil parameters affect AM fungi (Klichowska et al., 2019) providing
evidence for the “habitat hypothesis” postulating AM fungal community changes along differing
abiotic conditions (Zobel & Opik, 2014). Soil pH is one of the most studied environmental factors that
often affects AM communities in the field (e.g., Dumbrell et al., 2010; Rasmussen et al., 2018; Davison
et al.,, 2021). Along with pH, the concentrations of important chemical elements, such as carbon,

nitrogen, phosphorous, as well as soil moisture can alter local AM fungal pools (Chaudhary et al., 2008).

12



Chapter 1: General introduction

While the effects of soil chemistry on AM fungal community structure have been better explored, the
influence of spatio-temporal factors is not well-resolved. Some contradictory results have been
reported from the few studies that have investigated the relative effects of temporal and spatial
factors. Dumbrell et al. (2011) for example found significantly distinct AM fungal diversity and
communities in a British grassland site across the seasons within one year. In a different ecosystem, in
the inner Mongolian steppe, Su et al. (2011) observed changes in AM fungal root colonization and
rhizosphere spore diversity within a single growth season (between May and September). In contrast,
Davison et al. (2012) found spatially distinct AM fungal communities in Estonian forest plots that did
not vary over time. More data on seasonality and its indirect effects on AM fungi, probably driven
through temperature and nutrient changes over the year, are highly required to further explore the

observed discrepancies between different locations.

Biotic drivers

Because of their obligate association with plant roots, fungal distributions are likely to be interrelated
with plant distributions (Davison et al., 2015). Thus, most studies exploring AM fungal distribution
patterns usually include vegetation type, or host plant identity (plant species) as one potential driving
factor. Outcomes on the effects of host identity, however, vary as well across the published literature.
While in some studies clear host identity effects were reported (Helgason et al., 2002;
Vandenkoornhuyse et al., 2002; Davison et al., 2011; Su et al., 2011) in others only weak or no effects
were detected (Dumbrell et al., 2010a; Rozek et al., 2020), or appeared at the level of ecological groups
rather than at the level of species (Opik et al., 2009)

Furthermore, synergistic, or competitive other microbes (in particular non-AM fungi and
bacteria) affect AM fungal communities and vice versa (Smith & Read, 2008). AM-mycorrhizae do not
present bipartite isolated fungal-plant associations but rather networks with bacterial communities
colonizing the rhizosphere, extraradical hyphae or spores (Bonfante & Anca, 2009). So-called
“mycorrhizae helper bacteria” have been described, referring to specific bacterial communities that
promote either the establishment or the functioning of the mycorrhizal symbiosis (Garbaye, 1994;

Frey-Klett et al., 2007; Sangwan & Prasanna, 2021).

Challenges in AM fungal community ecology

Based on the current literature, complex interactions of abiotic and biotic parameters are likely to
shape AM fungal communities. Unpredictable spatial and temporal processes additionally lead to
usually high proportions of unexplained variations in natural AM fungal communities. This high
complexity makes it difficult to understand and predict community dynamics. The fact that many
parameters elicit idiosyncratic response patterns in communities of AM fungi may imply that they are

relevant only under certain conditions or that they are masked (partially or completely) by other, more
13



Chapter 1: General introduction

critical factors, the latter being conceivable as a "law of the minimum" as suggested by Valyi et al.

(2016).

AM habitat structure

There is evidence that AM fungal diversity underlies a species-area relationship, meaning that species-
level richness decreases with habitat area in certain environments (see Boeraeve et al.,, 2019 for
forests). Effects of habitat fragmentation on AM fungal diversity are likely related with a reduced
connectance of suitable host plants. However, in contrast to host identity, the spatial structure — here
meaning the explicit distribution patterns of host individuals — has rarely been addressed. The effect
of host structure, however, might be highly relevant in areas with patchy AM-associating plant cover,
such as in most temperate ecto-mycorrhiza dominated forests. Plant occurrence data from such a
forest in Germany suggested facilitation between AM-associating over- and understory plants
(Veresoglou et al., 2017).

In the following Chapters we therefore mainly focussed on the underrepresented factor host
plant structure and its effects on AM fungal communities. Building on the study of Veresoglou et al.
(2017), in Chapter 2 we aimed to test whether the suspected AM fungal propagule limitation at ecto-
mycorrhiza dominating overstory sites could be reflected by respective lower levels of root
colonization in AM-associating understory plants. The studied forest sites have been described in
earlier studies (Wulf, 1992; Naaf & Wulf, 2010) and thereafter we assumed relatively homogenous soil
characteristics. This made the location suitable to investigate the relative important of spatial and
temporal driving factors acting at the surveyed spatial scale (across one of the 50 m x 50 m forest sites).
To do so, we monitored AM fungal diversity and community composition over two years in two
herbaceous host plant species in Chapter 3. Since field observations always rely on regional conditions
and typically do not produce generalizable results, in Chapters 4 we tested for the effect of habitat
structure — Plantago lanceolata or Medicago lupulina host plant patches together with soil inoculum
— alone in controlled greenhouse experiments. In Chapter 4a we focused on the responses of root
colonization and in Chapter 4b on AM fungal diversity and community composition. Here, many of the
known parameters could be well controlled, such as pH, soil moisture and temperature. Greenhouse
experiments on AM community dynamics are lacking in the literature, probably because they require
the implementation of realistic host plant distances, thereby easily exceeding the possible maximum

size of the experimental units.

The framework of meta-community theory

Due to the spatial interplay of AM fungi and their hosts, many traditional community models do not
apply to AM fungi. A promising approach might be to transfer ideas from meta-community theory to

symbiotic microbes (Mihaljevic, 2012). Meta-community theory accounts for regional interactions
14



Chapter 1: General introduction

between local communities through dispersing individuals (Wilson, 1992; Leibold et al., 2004).
Veresoglou et al. (2012) pointed out chances and challenges of the application of meta-community
theory to microbial symbionts, such as AM fungi. In our experimental designs in Chapter 4 we
integrated the suggested considerations by the authors and used small populations of host plant
patches to reflect local communities enabling migration between them. In one experiment, we used
homogenous habitat patches — in accordance with the patch dynamic paradigm — and only
manipulated the habitat connectance. The patch dynamic idea assumes that local communities
establish based on two types of species interactions, competition for resources and colonization ability
(Leibold et al., 2004). The other two experiments were based on the source-and-sink paradigm using
two soil types (fertilized and unfertilized) that varied in their relative proximity. Source-and-sink
dynamics account for heterogeneous environments harboring high quality habitat patches with
positive growth rates of species (source) and lower quality patches with negative growth rates (sink)
(Winegardner et al., 2012). Constant arrivals from migrating individuals from source habitats ensure
the persistence of sink habitats. Through these specific experimental designs, we could not only
investigate effects of the habitat structure, but also obtain insights about the applicability of meta-

community theory to arbuscular mycorrhizal fungi.

Thesis outline

The overall aim of this thesis is to improve our understanding of AM fungal community dynamics. In
two field studies and three large greenhouse experiments we focused from different angles on the
effects of habitat structure, a widely overlooked factor (see Fig. 1 for a conceptual overview).
Methodologically, classical biological techniques (here light microscopy - McGonigle et al., 1990) for
the estimation of root colonization have been combined with modern molecular techniques (using
Glomeromycota-specific primers and MiSeq lllumina sequencing) to assess taxonomical diversity
serving subsequent community analyses. More specifically, we pursued the following goals in each
chapter (see Fig.1 for Chapters 2-4):

In Chapter 2 we examined whether the density of AM-associating overstory species affects AM
fungal root colonization in herbaceous plants in temperate deciduous forest sites. In Chapter 3 we
investigated the relative importance of a set of spatio-temporal drivers for structuring AM fungal
community composition in one of the previously studied forest sites (Chapter 2). In order to investigate
isolated fungal-plant spatial interrelations three asynchronous controlled greenhouse experiments
have been conducted using meta-community designs. In Chapter 4a we experimentally tested whether
the spatial arrangements of host plant habitat (patch design), or the relative positions of habitat types
(source-and-sink) within an artificial micro-landscape affected root colonization. In the same

experiments we assessed in Chapter 4b effects on AM fungal diversity and community composition
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across the spatial treatments. Chapter 5 presents a summary of all results, as well as an overarching

discussion to classify the findings according to the current state of knowledge.

Host plant spatial structure \

Chapter 4 Chapter 3 Chapter 2

Habitat connectivity Spatio-temporal parameters
Habitat heterogeneity host specificity

AM-associating woody cover

micro-landscape forest site 13 forest sites
5%
efr 6
o o & 25m D
o b
90 cm 25m

AM fungal root colonization,
diversity and community
composition

AM fungal diversity and

2 - AM fungal root colonization
community composition

Figure 1 Conceptual overview on Chapters 2-4 showing how host plant spatial structure, the main driver of
interest, was addressed across the studies. We worked at different spatial scales, from artificial micro-landscapes
(< 1m?) to a temperate forest site (525 m?) to a set of 13 of forest sites. In three asynchronous greenhouse
experiments we explored responses of AM root colonization, diversity and community composition across
treatments representing either different levels of habitat connectance or heterogeneity (Chapters 4a and 4b).
Across a temperate forest site, we investigated AM fungal diversity and community composition in response to
spatial (including AM host plant cover) and temporal (year and season) parameters (Chapter 3). Across 13 forest
sites varying in AM host plant cover we investigated the rate of root colonization in eight herbaceous AM host

plants (Chapter 2). Figure created in Biorender.com.
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Chapter 2

Chapter 2

Neighbours of arbuscular-mycorrhiza associating trees are colonized more
extensively by arbuscular mycorrhizal fungi than their conspecifics in

ectomycorrhiza dominated stands

Grinfeld, L., Wulf, M., Rillig, M. C., Manntschke, A., & Veresoglou, S. D. (2020). Neighbours of
arbuscular-mycorrhiza associating trees are colonized more extensively by arbuscular mycorrhizal
fungi than their conspecifics in ectomycorrhiza dominated stands. New Phytologist, 227, 10-13.

https://doi.org/10.1111/nph.16377

Arbuscular mycorrhiza represents a ubiquitous nutritional symbiosis between the roots of most
terrestrial plant species and fungi of the subphylum Glomeromycotina (Spatafora et al., 2016).
Terrestrial habitats are unlikely to be limited in propagules of arbuscular mycorrhizal fungi (AMF),
because AMF propagule densities build up fast in vegetated soil (e.g., Gould et al., 1996). We start to
appreciate, however, that shortages in AMF propagules are common in some habitats, such as
agricultural fields subject to intensive farming (Schnoor et al., 2011; Manoharan et al., 2017). Forest
habitats in the temperate region might also be occasionally AMF propagule limited (Veresoglou et al.,
2017), but to the best of our understanding this has not been shown with empirical data.

A particular feature of forest habitats is that two different strata of plants co-occur:
the canopy consisting of woody plants and the understory mainly consisting of herbaceous plants. The
two strata interact in various ways even though the underlying mechanisms remain mostly unknown
(Sutherland et al., 2013). Woody plants through intercepting light and via exploitative competition
could alter germination and growth of herbaceous plants (Barbier et al., 2008). However, it is unlikely
that herbaceous plants can alter significantly the fitness of mature woody plants, rendering their
interaction asymmetric. An underexplored factor in the way the two strata influence each other is
mycorrhiza: the minority (i.e., coverage) of woody plants in Central European forests associating with
arbuscular mycorrhizal (AM) might facilitate the herbaceous understory consisting mainly of AM
plants.

In a recent study, Veresoglou et al. (2017) suggested that AM woody species in a
temperate forest facilitate the establishment of AM herbaceous species of the understorey. AM woody
species might be seen as islands of AM propagules in a large archipelago of non-AMF-associating trees
which can support the AMF-associating ones (Van Der Heijden, 2004). The differences between stands
dominated with AMF-associating trees and those dominated with woody plants that do not form AMF

associations in Veresoglou et al. (2017) were inferred from plant community data and there have been
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no comparable studies assaying in situ AMF availability. We here addressed this knowledge gap by
testing if the abundance of AMF is higher in stands with a higher cover of AMF-associating woody
species. For this purpose, we sampled roots of herbaceous plants that were widespread in these stands
and assayed the proportion of roots colonized by AMF (term after McGonigle et al., 1990).

The stands were located in unmanaged, continuous, temperate European forests in northwest
Germany (53.30°-53.66° latitude and 9.03°-9.49° longitude, Table S1). These are described in detail in
Wulf (1992) and Naaf & Wulf (2010) and were used in the study of Veresoglou et al. (2017). We used
vegetation records from (Wulf, 1992) and identified 13 of the 25 m x 25 m plots (we here described
them as stands; Notes S1) so that the canopy of six of them was predominantly ectomycorrhizal-(ECM)-
associating (low — below 7% relative cover of AMF-associating woody plants) and seven stands with a
mostly AMF-associating canopy (high — above 49% relative cover of AMF-associating woody plants)
(Table S2). Based on the vegetation records we a priori identified eight AMF-associating herbaceous
plants that were present in the stands (Notes S1): Ajuga reptans, Allium ursinum, Brachypodium
sylvaticum, Circaea lutetiana, Geum urbanum, Pulmonaria obscura, Ranunculus auricomus, and
Sanicula europaea. Between 28 and 31 May 2017, we assayed roots of representatives of these plant
species in as many stands as possible. We excavated the whole root system of the plants to a maximum
depth of approximately 15 cm. In total we obtained 48 root samples from 13 stands to analyse. Six
species were found in at least three different stands; however, B. sylvaticum and S. europaea were
found exclusively in stands with a high AMF woody cover. We immediately stored plant material in
70% ethanol and kept it at 4°C until further examination. Roots were stained in Trypan blue (Gange et
al., 1999) and assessed with the magnified intersection method (McGonigle et al., 1990) (Notes S1).

To address whether arbuscular colonization (i.e., proportion of root length containing
arbuscules; McGonigle et al., 1990) was higher in herbaceous plants in the stands with a high cover of
AMF-associating woody plants (vs. low stands) we fitted a linear mixed effects model (Notes S1). We
repeated the analysis using percent hyphal colonization (i.e., proportion of root length containing
hyphae) of the roots as response variable (i.e., test whether hyphal colonization was higher in the high
stands) and we report on this in Notes S2; here we use hyphal colonization to describe exclusively AMF
hyphae.

Arbuscular colonization was higher at high stands (> 49% AMF-associating woody-cover)
compared to low (<7% AMF-associating woody-cover) stands (F1,27=6.75, P=0.015; Fig. 2a-b for a map;
Notes S2). Conclusions did not change when we used hyphal colonization as a response variable,
instead (Figs S3, S4). Arbuscular colonization can be seen as a proxy of symbiotic exchange, whereas
hyphal colonization as a measure of mycorrhizal fungal biomass (Johnson et al., 2010; Lekberg et al.,
2015), comprising two complementary parameters of a mycorrhizal association. Arbuscular and hyphal

colonization varied from 0% to 72% and from 0% to 87.5%, respectively (Figs S1, S2; Table S3).
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Exceptionally in roots of G. urbanum we found small differences in arbuscular colonization across the
two stand types (23% at low and 25% at high stands; respective means for hyphal colonization were
28% and 32%; Fig. 2a). The fitted random effect values for stands, presenting proxies of overall AMF
abundance per stand, also correlated positively with the relative availability (i.e., cover) of AM woody

plants (r=0.67, P=0.01; Fig. 2c).
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Figure 2 (a) Arbuscular colonization in the eight target herbaceous plant species. lJittered points present the
statistics for the sampling stands with high (green) or low (yellow) coverage of AMF-associating woody plant and
shrub species. Light coloured boxes originate from only two observations and thus contain higher uncertainties.
Model statistics can be found in Notes S2. (b) Map highlighting the geographical position of the stands (green
and yellow plus signs between 9.0 - 9.5 longitude and 53.3 - 53.7 latitude) in relation to villages (triangles) in the
sampling area. (c) Arbuscular colonization per stand in the form of the respective fitted coefficients (y-axis)
plotted against the percent cover of AMF-associating woody plants and shrubs that were observed in each stand

(green — high and yellow — low dots).
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We here present empirical evidence that AM fungal root colonization in herbaceous plants relates to
AM woody plant coverage in ECM-dominated woody habitats. Our findings complement the analysis
of (Veresoglou et al., 2017) which was carried out in the same study region showing that there were
fewer AMF-associating herbaceous plants, and a lower richness of such plant species, in stands with
little cover of AMF-associating woody plants. Thereby we support an existing hypothesis that despite
their ubiquity, AMF can face dispersal limitation and be present in some habitats at low densities (Zobel
& Opik, 2014).

We presume that the differences in arbuscular colonization have been due to the exclusion of
certain AMF taxa from Jlow in AMF-associating woody cover stands. We did not assay AMF community
structure to test this assumption. Because all plant roots had detectable arbuscular colonization in all
stands, it is unlikely that the absence of AMF propagules or nutrient availability-induced changes in
host physiology alone explained differences in arbuscular colonization. Geum urbanum, for example,
responded only weakly to stand type. This might be due to the fact that G. urbanum represents the
only host plant that is not a forest specialist (Schmidt et al., 2011) and therefore might associate with
generalist AMF species, likely with good dispersal properties. Mutualistic networks between AMF and
plants are known to be nested and asymmetric (Chagnon et al., 2014). Because of a wider ecological
niche, generalist plant species should have the ability to associate with many specialist AMF that could
be found in ECM-dominated stands (i.e., habitat generalists come across a wider array of potentially
compatible AMF partners) and this might explain the relatively constant colonization in G. urbanum.
The six other forest specialist species might have a narrower range of AMF associates.

Even though it is woody plants that photosynthesize most in temperate forests, herbaceous
plants show the highest species diversity and via contributing unique functional traits to the system,
such as palatable leaves high in nitrogen (N) content and fine roots, could be of high ecological
importance (Reiss et al., 2009). Herbaceous plants might also interact with the woody canopy through
various direct or indirect ways (Gilliam, 2007). As an example, the AM understory could cascade effects
to numerous ecosystem processes in soil such as N-mineralization, nitrification and decomposition.
We think that the higher litter quality of the AM-understory compared to the other woody plants could
be priming these ecosystem processes (Van der Krift & Berendse, 2001; Veresoglou et al., 2011; Luo et
al., 2016). The link through AMF between strata presented here implies that islands of AMF-associating
trees or shrubs indirectly promote herbaceous plant growth, health and diversity (Azcon-Aguilar &
Barea, 1996; Van Der Heijden et al., 1998) by increasing AMF propagule availability. However, forest
management practices are almost exclusively targeting woody species often associating with ECM. In
conclusion, mixed stands containing AMF-associating woody plants may effectively promote multi-

functionality and multi-diversity in temperate forests.
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While root mycorrhizal fungal colonization is also controlled by factors other than propagule
availability (including host factors, such as light, or soil factors such as nutrient availability), one
interpretation of our results is that herbaceous plants in temperate forests do experience AMF
propagule limitation. If this is true, which should be tested in additional work, our study highlights the

need to better understand the efficiency of dispersal in Glomeromycotina.
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Abstract

Many woody and herbaceous plants in temperate forests cannot establish and survive in the absence
of mycorrhizal associations. Most temperate forests are dominated by ectomycorrhizal woody plant
species, which implies that the carrying capacity of the habitat for arbuscular mycorrhizal fungi (AMF)
is relatively low and AMF could in some cases experience a limitation of propagules. Here we address
how the AMF community composition varied in a small temperate forest site in Germany in relation
to time, space, two plant host species, and also with regard to the degree to which plots were
covered with AMF-associating woody species. The AMF communities in our study were non-random.
We observed that space had a greater impact on fungal community composition than either time,
mycorrhizal state of the close-by woody species, or the identity of the host plant. The identity of the
host plant was the only parameter that modified AMF richness in the roots. The set of parameters
which we addressed has rarely been studied together, and the resulting ranking could ease
prioritizing some of them to be included in future surveys. AMF are crucial for the establishment of
understory plants in temperate forests, making it desirable to further explore how they vary in time

and space.

Introduction

Arbuscular mycorrhizal fungi (AMF; Phylum Glomeromycota) are globally distributed symbiotic fungi,
which at large spatial scales show non-random distribution patterns, explained mainly by abiotic
predictors such as pH (Dumbrell et al., 2010a; Davison et al., 2021), soil properties (Klichowska et al.,
2019) and climatic conditions (Dumbrell et al. 2011) but also host specificity (Vandenkoornhuyse et al.,
2002). Most studies addressing AMF, however, can only explain a small fraction of AMF community
variance, suggesting that AMF communities are subject to a high degree of stochasticity (i.e., the
fraction of community variance not explained by deterministic processes; Notes S3; (Dumbrell et al.,
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2010b; Lekberg et al., 2012; Goldmann et al., 2020). Assaying stochastic drivers in large-scale
mycorrhizal studies is challenging because they can inflate the sequencing effort required. We here
aimed at ranking the relative importance, in terms of shaping arbuscular mycorrhizal fungal
communities, of a set of stochastic (space, time) and biotic (host plant species and woody coverage of
AMPF-associating species) drivers rarely assayed together, in an effort, to smooth the way towards
integrating stochastic predictors into mainstream studies of mycorrhizal fungus communities.

We present a spatio-temporal study at a forest site where we address the relative importance
of (i) physical distance, (ii) sampling time (year and season), (iii) host specificity (here describing the
impact of host plant identity on the AMF community composition in the roots of focal plant species)
and (iv) relative coverage of AMF-associating woody species (Veresoglou et al., 2017; Griinfeld et al.,
2019) in shaping the AMF community composition of the understory. To the best of our understanding,
no other mycorrhizal study to date has simultaneously studied this specific set of parameters, even
though studying subsets of them have generated highly-valued expectations: (Davison et al., 2012),
for example, studied the effects of seasonality and spatial structure in an Estonian temperate forest
and observed considerable spatial heterogeneity in AMF species distributions, but minimal changes
over the duration of a growth season. (Dumbrell et al., 2011), by contrast, observed pronounced
temporal changes in the composition of AMF grassland root communities over a single growth season.
(Su et al., 2011) addressed the relative strength of host specificity and seasonality to show that in the
studied steppe of Inner Mongolia, seasonality masked any host preferences across five hosts.
Therefore, our first expectation (Hypothesis One) was that physical distance would be relatively more
important than temporal variance in shaping AMF communities in a woody habitat ((Davison et al.,
2012). It is likely that woody plants in such studies had strong effects on the understory because they
had acted as islands of AMF propagules (Griinfeld et al., 2019). If it is the presence of AMF-associating
woody species which mainly shapes the regional pool of AMF species, then compared to grasslands,
we might expect a lower relative importance of host specificity across the understory plants because
tree root systems are comparably much larger than those of understorey plants. AMF propagule
selectivity among hosts (i.e., which might lead to the evolution of host dependency on specific fungus
species) in the understory hence is determined to a large degree by the identity of the neighbouring
woody AMF-associates. We therefore additionally hypothesized (Hypothesis Two) that relative
coverage of AMF-associating woody species would alter AMF community composition more than host
specificity does. We addressed these two hypotheses in a forest site in the Elbe-Weser region in North-

West Germany which we monitored over two years, totalling four harvests of root material.
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Materials and Methods

Study site

The study site is a floristically well described (Wulf, 1992; Naaf & Wulf, 2010) temperate European
deciduous forest in northwest Germany (53.44°N; 9.49°E). The soil is a humid to waterlogged
pseudogley (Roeschmann, 1971). Biophysical characteristics were assumed to be relatively consistent
over the homogeneous 625 m? site, and therefore we did not explicitly measure or include them in this
study. Nevertheless, we report regarding previously assessed soil parameters at the same site by Wulf
(1992) (see Table S5). Based on previous observations in the broader area, understory plants
associating with AMF occurred at higher frequency (Veresoglou et al., 2017) and were colonized more
extensively by AMF (Griinfeld et al., 2019) when there was a high relative coverage of woody plants
forming arbuscular mycorrhizae. It is likely that the occurrence and density of arbuscular mycorrhizal
(AM) woody plants facilitate the dispersal of AMF propagules and thus their availability to less
dominant (with respect to biomass) understorey AM plants. To assess AMF community variability
related to AM woody coverage we divided the forest site into 25 5 x 5 m rectangular plots and
estimated in situ coverage by AMF-associating woody plants per plot. AM woody coverage ranged
from 0% to 60% and we subsequently classified the plots into AM high and AM low classes (= 15% and
< 15% AMF-associating woody coverage, respectively; Fig. S5, Table S4; we rationalize the choice of

the threshold in Fig. S6).

Sampling Design

Over two years we collected root samples from the two most abundant perennial woody understorey
plant species Hedera helix L. (Araliaceae, from now on Hedera) and Euonymus europaeus L.
(Celastraceae, from now on Euonymus) in the forest site. In the beginning (May) and end (September)
of the growing seasons of 2017 and 2018, respectively, we collected Hedera roots (78 samples) from
pairs (i.e., two neighbouring plots of high and low relative coverage of AMF-associating woody species)
of high and low AM plots. In September 2018, we additionally collected roots of Euonymus (19 samples;
Euonymus could only be collected at the last harvest because there were only a few individuals of
Euonymus in the forest site and their destructive harvest could modify meta-community dynamics of
AMF species.). The two hosts were sampled independently of each other, meaning that Euonymus and
Hedera separated by less than 50 cm potentially could have been sampled. Because both hosts were
woody species, we expected them to phenologically vary less in time than herbaceous plants. Rarely,
two individuals of a species were not available in a plot. Thus, there were a total of 97 root samples
from the two host plants from the four sampling campaigns (see Table 1 and Fig. S5 for the specific
sampling scheme). Roots were excavated to a maximum depth of about 10 cm from two plant

individuals of each focal species per plot, which were processed independently. Assaying a depth of 0
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— 10 cm maximized compatibility of our findings with the bulk of the literature and did not cause
excessive disturbance to the forest site. The minimal distance between the two individuals of the same
plant species was 50 cm to minimize the likelihood that the two root samples shared AMF individuals
(Klironomos and Moutoglis 1999). The root samples were cleaned with water and transferred into

falcon tubes with 95% ethanol.

Table 1: Sampling scheme showing the number of samples (n) and plots per sampling campaign and plant species.

May 2017 Sep 2017 May 2018 Sep 2018
Hedera helix n=12 n=20 n=20 n=26
plots =6 plots = 10 plots = 10 plots = 14
Eunonymus n=19
not sampled not sampled not sampled
europaead plots = 10

Molecular analyses and bioinformatics

Roots were transported to the lab In ethanol at 4°C and stored at -20°C. Root samples were freeze-
dried and homogenized with a Retsch Mixer Mill MM 400 using metal balls of 1 mm diameter. DNA
was extracted from 30 mg ground root material per sample with the DNeasy® PowerPlant® Pro Kit
(Qiagen, Venlo, the Netherlands) and amplified with the AMF-specific-185-rRNA gene targeting primer
pair NS31-AML2 (Liu et al., 2011) extended with the adaptors p5 (NS31) and p7 (AML2; (Kircher et al.,
2012). The amplification conditions were as follows: each of the 25 ul PCR reactions contained 1 pl
DNA template, 2.5 pl (0.3 uM of each primer) primer mix, 0.25 pl KAPA HiFi DNA polymerase (1 U/ul),
0.5 pl KAPA dNTP mix (10 uM), 5 ul 5X KAPA HiFi Fidelity Buffer and 15.75 ul nuclease-free water. The
PCR reactions were performed with a Biometra-Ton thermal cycler (Analytik Jena, Jena, Germany)
under the following conditions: Initial denaturation at 95 °C for 2 min, 35 cycles with a denaturation
phase of 98 °C for 45 s, an annealing phase of 65 °C for 45 s and an extension phase of 72 °C for 45 s
and final elongation at 72 °C for 10 min. Samples that did not perform well on this initial PCR (~40% of
the samples) were amplified instead with a GC-rich buffer from the kit. Four out of 97 samples did not
show bands during gel electrophoresis and were excluded from further analysis. The NS31-AML2
amplicons were purified with the NucleoSpin® gel and PCR clean-up kit (Macherey-Nagel, Diren,
Germany). For indexing purposes, we used Miseq specific adaptors (NuGen) which we ligated to our
products with an additional PCR. The PCR master mix for indexing consisted of 1 ul of the purified PCR
template, 2.4 pl of the primer mix, 0.25 pl Phusion® high-fidelity DNA polymerase (BioLabs), 0.5 pl
dNTPs (10 uM), 5 pl 5X Phusion® HF buffer and 15.85 pl nuclease-free water per 25 pl reaction. After
indexing PCR -— thermocycling settings: 95 °C for 3 min, 15 cycles of 98 °C for 30 s, 55 °C for 30 s and

25



Chapter 3

72 °Cfor 30s, and 72 °C for 5 min — the DNA fragments were separated by gel electrophoresis to check
the signal strengths. We used MiSeq lllumina chemistry (v3, 600 cycles) to sequence the amplicons.
We processed the libraries with the uPARSE pipeline (Edgar, 2013) with uSearch v 10.0.240. In brief,
forward and backward reads were merged with the fastq_mergepairs command, primers were
stripped and sequence pairs with a length shorter than 400 bp or more than 1 expected error were
removed. We used the cluster_otus command to construct the OTU table. Representative OTU
sequences were blasted against MaarjAM (Opik et al., 2010) and non-specific to AMF OTUs (i.e., <
97.5% similarity or < 99% coverage) were excluded from further analyses. Representative sequences
for each OTU were submitted to GenBank (submission MW017500-MW017533). We then rarefied to
2350 reads per sample, which excluded 2 samples from further analysis (i.e., analysis was carried out

to the remaining 91 samples).

Statistical analyses

Null model analysis — to what degree were AMF distributions random?

To address the degree to which AMF communities were random, we conducted a null model analysis
with the R package EcoSimR (Gotelli et al., 2015). We compared C score occurrences in our dataset to
distributions of 1000 random matrices that were generated with the sim4 algorithm. C score
occurrences of checkerboards describe the cumulative number of occurrences across a pair of sites (=
rows) and species (= columns) in the presence-absence community matrix where Species A has only
been present at Site A and Species B has only been present at Site B. We z-score standardized effect
sizes (SES) in relation to the set of simulated community matrices. We used presence-absence data
and kept the total number of row sums in the community table fixed, describing how often species
occurred. The row sums were proportional to those observed in the column sums, reflecting
differences across samples. The sim4 algorithm effectively controls for Type | and Il statistical errors
and has been proposed for scenarios in which some rare species occasionally have been scored as
absent even though present (i.e., incomplete lists; (Gotelli, 2000). Negative standardized effect sizes
below -1.96 reflect aggregation of species within samples (= fungal species co-occur more often than
expected by chance), positive values above 1.96 reflect segregation of species within samples (= fungal
species co-occur less often than expected by chance), whereas values between -1.96 and 1.96 reflect
a random species distribution among plots. Additionally, values differing by more than 1.96
standardized units were significantly different (analogous to a confidence interval). Because
inadvertent pooling of heterogeneous samples (due to combining in the same analysis root samples
differing in time, space and also plant host) might bias results towards appearing less random (Ulrich
et al., 2012), we additionally assessed null model statistics for several subsets of the combined
community matrix.
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Hypothesis One: physical distance is more important than temporal variance in structuring AMF

Because our study design was complex and difficult to be fully captured with statistical techniques, we
tried whenever possible (such as in Fig. 4) to present effect sizes which assumed no specific statistical
model. To address this hypothesis, we (i) visualized the raw data via unconstrained ordination; (ii)
calculated effect sizes in the form of Bray-Curtis community distances for the major drivers of AMF
community composition; and (iii) presented as a key result a summary for some characteristic groups
of samples of community composition information at the AMF family level. First, we carried out a
Principal Components Analysis (PCA) on Hellinger-transformed AMF OTU occurrence data (i.e., AMF
community table with each OTU treated as an independent response variable) to visualize clustering
patterns across the samples. Second, we presented how effect sizes differed among our variables of
interest. We wanted to avoid statistical shortcomings of combining a redundancy analysis (i.e., a form
of constrained ordination) with variance partitioning (Notes S4). Even though there are several
techniques to address spatial autocorrelation in ordination analyses, to the best of our knowledge the
only multivariate technique that works for temporal constraints is that of Palmer et al. (2008) which
was specifically proposed for split-plot designs. To minimize the assumptions of our analyses we
plotted the data with a PCA (i.e., meaning that we do not propose for this specific analysis any
underlying model; Fig. 4a) and then calculated the distributions of pairwise Bray-Curtis distances. We
visualized relative effect sizes by means of Bray-Curtis distances and only additionally fitted a
predictive model in the form of a redundancy analysis (RDA) in which we addressed temporal
constraints by restricting permutations (and thus calculation of resulting P values) to be only within
plots. We further decomposed distance (i.e., spatial) information into three principal coordinate
neighbouring matrices (PCNM; Borcard and Legendre 2002) which we then fitted into the RDA model.
This approach may be an improvement compared to assuming full independence, but it still falls short
of describing our spatio-temporal sampling design. For this reason, we cautiously interpreted the
resulting variance partitioning exercise. To compare effect sizes, we randomly paired samples sharing
specific attributes 9999 times and quantified Bray-Curtis distances. Third, we summarized how AMF
community composition differed with each of the predictors by generating bar plots with relative
abundance information on each AMF family. We finally created a heatmap (i.e., a two-dimension
graphical representation of community data) presenting the frequencies with which individual AMF

taxa were observed in habitats with specific attributes.
Hypothesis Two: Relative coverage of AMF-associating woody species would alter AMF community
composition more than host specificity does

We first carried out a repeated-measures ANOVA to compare diversity metrics (i.e., richness, Shannon

diversity and Pielou evenness; in the results section we only report on richness but the results were
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comparable across all those diversity indices) between AM high and low plots. The response variable
was the diversity metric; host species and low vs. high type of habitat were the predictors and time
was the repeated measures parameter. In our repeated-measures ANOVA we corrected for spatial
dependencies in the form of specifying the unit of the ANOVA analysis at the “plot” level. To address
whether the communities in high and low plots differed in relation to how aggregated/segregated they
were, we further compared the respective SES which we obtained from our null model analysis. We
created a venn diagram depicting how host specificity and relative coverage of AMF-associating woody
species influences AMF community composition to visualize compositional differences. To further
address whether host plants or the two habitat types selected for specific OTUs, we finally carried out
an indicator species analysis (we used the package indicspecies in R; (de Caceres & Legendre, 2009) in
relation to the following classes: the two host plants, the two habitat types (i.e., high vs low) and their

meaningful combinations.

Results

Overall Statistics

Out of 853,811 quality-controlled reads, 696,451 described 32 AMF-specific OTUs (Table S6). Eighteen
of them belonged to Glomeraceae, six to Claroideoglomeraceae, five to Archaeosporaceae, two to
Diversisporaceae and one each to Gigasporaceae and Acaulosporaceae. We rarefied sequencing depth
to 2350 reads per sample which resulted in the exclusion of two samples. AMF richness ranged from 4
to 17 OTUs per sample (median: 10 OTUs with the quartiles being 8 and 12; Fig. S7). Richness only
differed with host plant (n =93, t = -4.44, P < 0.0001; when we narrowed observations to those from
the fourth harvest the respective statistics were n = 43, t =-3.14, P = 0.003; Fig. S7): Euonymus plants
contained on average 8.2 AMF taxa, whereas Hedera plants contained 10.54.

The indicator species analysis classified 5 of the 55 species as indicators. OTU2 (Glomeraceae;
P=0.045) was an indicator of Euonymus communities and OTU70 (Glomeraceae, P<0.001) an indicator
of Euonymus community at low plots. OTU8 (Claroideoglomaceae; P=0.001) and OTU13
(Acaulosporaceae, P<0.01) were indicators of Hedera communities whereas OTU19 (Diversisporaceae;

P=0.038) specifically associated with Hedera at high plots.

Null model analysis - to what degree were AMF distributions random?

In all our tests we observed significant species aggregation (Fig. 3). The standardized effect sizes (SES)
ranged from -10.90 (combined community matrix) to -2.4 (Hedera roots in May 2017). AMF
communities in Hedera roots from low plots (SES = -8.19) were more aggregated than those from high
plots (SES = -4.81; any differences in the statistics exceeding 1.96 are significant). AMF communities in

Hedera were more aggregated in autumn than in spring (the mean SES statistic for spring was -2.98
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whereas for autumn it was -5.25). The results in SES statistics could not be explained based on sampling

intensity (i.e., number of individuals assayed; there was no correlation between the two values).
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Figure 3 Standardized effect sizes of observed checkerboard scores which were compared against a null model
generated with the sim4 algorithm (y-axis). We plotted these values against total OTU richness of the respective
subsets of the dataset to capture a factor that may influence them. The two discontinuous lines highlight
confidence intervals within which the community matrix can be considered random. The green point represents
samples from AM high plots (> 15% woody AM-associating plant coverage), the brown from AM low plots (< 15%
woody AM-associating plant coverage) and the orange points from combinations of the two. A pink border was
used for spring and black for autumn; we used no border where we pooled samples from spring and autumn.
We used white “x” symbols to highlight the location in the panel of samples taken over the first year. The square
represents samples on Euonymus whereas circles those on Hedera. The diamond shows the complete data set.

Differences in standardized effect sizes above 1.96 and below -1.96 are significant at a 0.05% confidence level.

Hypothesis One: physical distance is more important than temporal variance in structuring AMF

Our Principal Components Analysis on Hellinger-transformed occurrence data showed that any
differences in AMF community composition across the samples were so subtle as to be little apparent
(Fig. 4a). We plotted axes two and three because after excluding an outlier sample these two axes
explained most rescaled variance. The take home message from the panel is that there were no
apparent clustering patterns in our dataset against any parameter and any AMF community shifts in
time or space thus were relatively small. The Bray-Curtis distributions overlapped considerably but
spatial structure induced stronger effect sizes than temporal variability (Fig. 4b). In addition,
community changes within a growth season were subtle (Fig. 4b). We also observed that the two host

29



Chapter 3

plant species (Fig. 4b) shared more similar communities than expected by chance and that it was low
plots that had the most divergent AMF communities. (Fig. 4c). Euonymus-associated AMF communities
were dominated by Glomeraceae (94.8% on average compared to a maximum of 86% in Hedera; Fig.
4c). High occurrence of Glomeraceae was also observed at low AM plots (averaging 85.5%). Relative
abundance differences of families were considerably more pronounced across years than across
seasons (Fig. 4c). In the redundancy analysis with the drivers as predictors, we found that year, host
plant and spatial autocorrelation axes explained AMF community shifts whereas season had no effect.
AM-plant cover shared considerable variance with other predictors and significance depended on the

ranking with which it was included among the predictors (Notes S5).
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Figure 4 (a) Principal component analysis of Hellinger-transformed AMF community data (we plotted respective
diagrams with axis one, explaining 13.5% of variability in Figs S8, S9). Green symbols represent samples from AM
high (> 15% woody AM-associating plant coverage) whereas brown represent AM low plots (< 15% woody AM-
associating plant coverage). A pink border was used for spring and a black for autumn. We used white “x” symbols
to highlight the location in the panel of samples taken over the first year. Triangles describe samples on Euonymus

whereas circles those on Hedera. (b) Distributions of pairwise community distances (Bray-Curtis distances) for a
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range of pairwise combinations (dark green: within plots sampled at the same time; orange: same plot differing
in sampling time; purple: same harvest but different plot; pink: same plot in the 4t harvest but different host
plant; light green: same harvest but different plot grouped based on the relative coverage of AMF-associating
woody plants). Larger values signify more dissimilar samples, meaning that the responsible factor induced a
stronger AMF community shift than in the case of smaller values. As an example, the pairs belonging on the same
plot which are presented in the four first histograms (in dark green and orange) consistently showed smaller
values than those across different plots (two purples histograms) suggesting that space played a role in shaping
AMF communities. Note that Bray-Curtis community distances between Hedera and Euonymus (in pink; same
plot) were smaller than respective distances between individuals of Hedera (dark green). (c) Mean relative
abundances of the seven AMF families (Acaulosporaceae, Archaeosporaceae, Claroideoglomeraceae,
Diversisporaceae, Gigasporaceae, Glomeraceae, Paraglomaceae) grouped based on (top) the time of sampling,

plant host and (bottom) our classification into high and low plots.

Hypothesis Two: Relative coverage of AMF-associating woody species would alter AMF community

composition more than host specificity does

We observed no diversity differences in relation to high or low relative coverage of AMF-associating
woody species (Fig. 3; F1,s1= 0.048, P = 0.83; The only significant effect was that of host plant; F1 s =
11.8, P <0.001). Roots from low plots contained consistently more aggregated AMF communities than
the representatives from high plots (Fig. 3). There were minor compositional distances between high
and low plots with 7 OTUs being specific to high plots and 2 to low plots (Fig. 5a). We observed, by
contrast, twelve OTUs to be specific to Hedera samples (Fig. 5a), which might have been because of
the most extensive sampling of Hedera individuals. Observation frequency, for most taxa, was higher

at high plots than at low plots (Fig. 5b).
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Figure 5 (A) Venn diagram depicting the distribution of OTUs across (i) AM high (> 15% woody AM-associating
plant coverage) and AM low plots (< 15% woody AM-associating plant coverage) and (ii) the two plant hosts.
Fifteen out of the thirty-two OTUs were observed in all four types of habitats. (B) Frequency of occurrence of the
fifteen most abundant OTUs across ten groups of samples describing plant host, plot quality in relation to AMF

abundance and season of sampling.

Ranking of spatio-temporal parameters and host specificity

Based on the variance partitioning exercise (Fig. 6), spatial parameters (4.54%) explained most variance
followed by host specificity (2.32%). This was despite that the representation of hosts was unbalanced,
meaning that the variance fraction allocated to host specificity actually should have been considerably
larger. Temporal parameters explained 1.76% of the variance but this fraction was exclusively due to
different years and not due to different seasons (Fig. 6, insert). The relative coverage of AMF-
associating woody species (i.e., AMF cover in Fig. 6) explained no variance. These observations match

well the results from Fig. 6.
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Figure 6 Partitioning of variance explained by spatial, temporal, host specific and AM plant cover related
parameters across AMF communities in our forest site. Spatial parameters comprised three PCNM axes, and
temporal parameters comprised the effects of season (i.e., explaining zero variance — insert at the bottom left)
and year. The estimates are biased and are presented only for comparative purposes: for example, the impact of
host effects on AMF community structure should have been considerably higher than shown, but because we
harvested Euonymus only once the parameter explained a relatively small part of the total variance. The variance

32



Chapter 3

partitioning additionally unrealistically assumes a completely balanced design with an equal representation of
samples on all plots and invariable sampling effort across the four harvests. By including parameters that
explained no variance such as season (insert at the bottom left), we further biased estimates. Finally, the analysis

also does not capture that some plots have been assayed more than once and thus are not independent samples.

Discussion

A take home message of our study is that, in agreement with Hypothesis One, physical distance in the
studied temperate forest exerts a stronger influence on AMF communities than either sampling time
or host specificity. We also show that temporal variability is slightly higher across years than across
seasons. Hence, our data agree with (Davison et al., 2012) that there is low seasonality in forests in
relation to AMF communities. The order of establishment of plant hosts, known as priority effects,
could thus play an important role in structuring AMF communities (Hausmann & Hawkes, 2009). In
natural systems this most likely occurs at the beginning of the growing season. Even though this idea
remains underexplored, it could potentially explain why the effect sizes for different years were larger
than for different seasons.

Through our null model analysis, we deduced that the plant root AMF colonization patterns in
our study had been non-random (even though AMF community differences with time, space and hosts
were weak - Fig. 4a) and showed extensive aggregation of species, meaning that the OTUs co-occurred
more often than expected by chance. That our null model analysis supported that AMF root community
composition was not random, was not surprising (e.g., Hu et al., 2019). The outcome of co-occurrence
analyses, however, depends strongly on how heterogenous the compared communities are (but also
on sampling intensity): relatively homogenous communities such as those in our study are more likely
to show aggregation whereas heterogeneous pools of samples such as those analysed with a
comparable approach in Hu et al. (2019) are more likely to show segregation. It was important in our
study to first show that the community matrix at the employed spatial scale is non-random (and thus
our study had enough resolution to address community variance patterns in AMF communities),
before addressing how spatio-temporal parameters and host specificity explained the community
variance. Additionally, through our null model analyses we could observe some overarching patterns
such as that low plots hosted more aggregated AMF communities than high plots. Species aggregation
patterns often suggest shared habitat requirements across species compared to mechanisms such as
competition and dispersal limitation which induce segregation (e.g., Cordero & Jackson, 2019). Thus,
we might expect aggregating AMF taxa colonizing Hedera roots in low plots to have higher dispersal,
but fewer competitive characteristics compared to communities on high plots.

In our RDAs, we observed pronounced plant host effects on AMF richness (Fig. 3), AMF
community aggregation (Fig. 3) and community composition (Fig. 4c). The present study obviously did

not fully address the role of host specificity: we only assayed two host plants and because of the low
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abundance of Euonymus, we only assayed individuals at the last harvest. This mainly served the
purpose of showing the degree to which our observations with Hedera corresponded to those with
Euonymus. It nevertheless is likely that we could still get a reasonable (and hopefully representative)
picture of how host specificity influences AMF communities. We present evidence, for example, that
host specificity has a strong influence on AMF richness (i.e., plant host was the only parameter in our
analyses that had an effect on AMF richness). We found of special interest, however, that pairwise
differences between species (Hedera— vs. Euonymus—associating AMF communities; Fig 3.2b) were
smaller than respective pairwise differences of conspecific individuals (randomly paired in RDA
models). There is evidence that phylogenetically divergent co-occurring plant species share more
similar AMF communities than closely related species (Veresoglou & Rillig, 2014) and our analysis hints
towards that. Remarkably, most studies that have been carried out at a regional or global scale have
found no evidence for host specificity (e.g., Davison et al., 2015). This could mean that abiotic
conditions mask host specificity at scales larger than that of the present study. Alternatively,
inconspicuous factors at a smaller scale (i.e., such as that in the present study) driven by the
environment such as priority effects or the availability of AMF propagules could modify how plant
species select for AMF communities.

Contrary to our expectations that low and high plots would host distinct AMF communities
(Hypothesis Two), we only observed small associated differences in diversity, and the factor AM plant
cover in the RDA was only conditionally significant (Notes S5). This was despite that AMF communities
across low plots appeared more divergent than across high plots (Fig. 4b) and that we observed
differences in relation to the aggregation patterns (Fig. 3). (Griinfeld et al., 2019) we had observed
pronounced differences in root colonization between high and low plots across forests in the same
general area, but we had worked at a relatively larger spatial scale. AMF can grow vegetatively to
distances of about 50 cm (Klironomos & Moutoglis, 1999) but they could also potentially disperse by
other means such as air and animal vectors (Egan et al., 2014). We may have thus missed the relevant
spatial scale, or differences in relation to the mycorrhizal state of the canopy affect percentage
colonization to a greater degree than they affect AMF community composition.

We compare and rank relative effect sizes of drivers of AMF community composition operating
at a small spatial scale (as compared to soil properties and climatic variables that operate at larger
scales) that have rarely been addressed simultaneously. Several authors such as (Dumbrell et al.,
2010b) have highlighted the need to better understand stochastic processes in AMF and our study

presents a ranking exercise which contributes towards satisfying that need.
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Abstract

The roots of most plants host diverse assemblages of arbuscular mycorrhizal fungi (AMF), which
benefit the plant hosts in diverse ways. Even though we understand that such AMF assemblages are
non-random, we do not fully appreciate whether and how environmental settings can make them
more or less predictable in time and space. Here we present results from three controlled experiments,
where we manipulated two environmental parameters, habitat connectance and habitat quality, to
address the degree to which plant roots in archipelagos of high connectance and invariable habitats
are colonized with (i) less diverse and (ii) easier to predict AMF assemblages. We observed no
differences in diversity across our manipulations. We show, however, that mixing habitats and varying
connectance render AMF assemblages less predictable, which we could only detect within and not
between our experimental units. We also demonstrate that none of our manipulations favoured any
specific AMF taxa. We present here evidence that the community structure of AMF is less responsive
to spatio-temporal manipulations than root colonization rates which is a facet of the symbiosis which

we currently poorly understand.

Introduction

Arbuscular mycorrhizal (AM) associations form direct nutritional symbioses between the roots of most
terrestrial plants and a monophyletic group of soil-borne fungi belonging to the phylum
Glomeromycota (Brundrett & Tedersoo, 2018). AM associations have attracted a lot of attention
because they can promote net primary productivity (NPP) and agricultural production (Hoeksema et
al., 2010; Zhang et al., 2019). NPP gains can partially determine how AM fungal communities in plant
roots are structured (Van Der Heijden et al., 1998; Maherali & Klironomos, 2007; Kiers et al., 2011). As
a result, a lot of the literature addresses practices that likely select for more beneficial communities of
Glomeromycota in plant roots (e.g., Rillig et al., 2016; Pankova et al.,, 2018) and environmental

parameters and practices that determine AM fungal community structure (e.g., Egerton-Warburton et
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al., 2007; Veresoglou et al., 2013; Rillig et al., 2016). An alternative way to ask this question is via
questioning how AM fungal diversity varies in space and time (i.e., which entails addressing the fraction
of variance which is often classified in models as “unexplained”; Dumbrell et al., 2011; Davison et al.,
2012).

Our general understanding so far is that AM fungal assemblages in the roots are non- random.
This has been shown both in relation to null-model analyses (Davison et al., 2011; Horn et al., 2017),
which assess the degree to which chance exclusively could have generated the observed community
table (i.e., the occurrences of AM fungal species across root samples) of the study, and models
exploring species-abundance distributions (Dumbrell et al., 2010b; Unterseher et al., 2011), which
essentially test whether particular groups of species have been more abundant than expected by
chance. Many studies observing preferential establishment of AMF taxa in specific habitats also hint
towards this direction (e.g., Egerton-Warburton et al., 2007; Chen et al., 2017). Specific biotic and
abiotic parameters of the habitat (besides exerting selectivity to specific AM fungal taxa), however,
might also alter our ability to predict (i.e., modify the predictability of) mycorrhizal community
structure in nature, but this point remains underexplored. Two syntheses which addressed this
question found that anthropogenic disturbances, environmental heterogeneity and a plant host
identity (i.e., being a monocotyledon) render AM fungal communities less predictable (i.e., more
divergent) than they would have been expected to be by chance alone (Caruso et al., 2012; Powell &
Bennett, 2016). More recently, Deveautour et al. (2021) assayed AM fungal communities in the field
to determine the degree to which AM fungal communities diverge with spatial distance but also when
sampling from the root systems of the same or from a different plant-host individual. Deveautour et
al. (2021) observed small differences in AMF community turnover between adjacent neighbouring
plants (as compared to sampling from the same individual) but also that AMF community turnover
increased for plant individuals further away from each other.

A particular feature of AM fungi is that they are obligate symbionts, meaning that they cannot
fulfil their life cycle in the absence of a suitable host. This limits their ability to colonize soil in some
environments because their vegetative growth ceases at distances of about 50 cm from the closest
colonized root (Klironomos & Moutoglis, 1999). There is a large body of literature address- ing how
dispersal constraints modify the community structure of organisms addressing variable types of
landscape which can also occur at a micro level such as in soil in which case we can refer to them as
micro-landscapes or meta-communities. There is a consensus that meta-communities simultaneously
reduce local (a-) diversity and increase global (y-) diversity because they make local community
structure less predictable (e.g., Hubbell, 2001) which potentially allows persistence of less competitive
species (Cadotte, 2007). This point remains underexplored in relation to AM-associations (Veresoglou

et al., 2012). Here we present a synthesis from three controlled studies with an overall aim to address
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how spatial structure in plant mesocosms alters predictability in AM fungal communities. Based on the
points we made (e.g., Dumbrell et al., 2010; Davison et al., 2011), we expected that in all experiments
AM fungal communities were non-random (Hypothesis One) and that we would observe the highest y-
diversity in those cases in which the connectance of the patches in the archipelago is lowest
(Hypothesis Two). Finally, we expected that lowering the connectance of plant and fungal mycorrhizal
communities would increase segregation (i.e., the community table becomes more evenly dispersed
via weakening pairwise interactions in agreement with the results from Hein et al. (2013) showing that
strong pairwise interactions promote species aggregation) in Glomeromycota (Hypothesis Three). To
the best of our understanding, the point that segregation in AM fungal communities could depend on
the structure of the micro-landscape has never been addressed in the past for any fungal group and
showcases the high potential (because they have an obligate symbiotic lifestyle and are ubiquitous in

nature) of using Glomeromycota as model systems in fungal ecology.

Materials and Methods

Rationale of the Experiments

We worked with large mesocosmes (i.e., 90 x 90 x 20 cm) as experimental units to which, for consistency
with the meta-community literature, we refer to as archipelagos (Fig. 10). Within the mesocosms we
established patches (i.e., patches in the form of 8 cm diameter x 20 cm height cylindrical inserts
containing 30 um mesh-covered windows to block root growth but allow growth of fungal hyphae) of
vegetated habitat and manipulated the connectance of the patches either by means of distances
across patches of the “meta- community” (Experiment One and Experiment Two) or the fertility of the
patches within each mesocosm (Experiment Three). At the same time via manipulating the distances
of the patches we altered the spatial availability of nutrients in the mesocosms and likely also that (i.e.,
the spatial distribution) of AMF propagules which were contained in those inserts (and were thus
influenced by their spatial arrangement). We anticipated that the lack of prospective hosts between
inserts (i.e., patches), over distances of up to 70 cm, hindered dispersal of AMF and would induce meta-
community dynamics in our experimental units. The idea of using meta-community theory to model
symbiotic systems has been developed and explained in larger detail by Mihaljevic (2012) (but see
Veresoglou et al. (2012), for some AMF likely limitations of the approach in the particular case of AMF

communities).
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Figure 10 Schematic representation of the experimental design of the three experiments. (a) In Experiment One
and Experiment Two we manipulated the connectance (low; intermediate and high) of four vegetated inserts
(dark grey) over an unvegetated soil (sterilized and diluted with sand) matrix (in light grey). In Experiment One
we used Plantago lanceolata as a host whereas in Experiment Two Medicago lupulina. (b) In Experiment Three
we manipulated the diversity (i.e., only one habitat type; either fertilized or unfertilized or both habitat types)
and spatial structure (overdispersed vs aggregated in the bottom two subpanels) of the vegetated inserts which
we describe earlier (Top and bottom left archipelagos/treatments: 4 replicates/were each replicated four times;
bottom right archipelagos/treatment: six replicates/ was replicated six times). We used Medicago lupulina as a
host and the matrix soil was (like in the other experiments) sterilized, mixed with sand and was kept unvegetated

(light grey).
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Experimental Work

The experimental work on Experiment Two and Experiment Three has been described in detail in
Grinfeld et al. (2019); the two experiments are described there as Experiment One and Experiment
Two, respectively; Fig. 10). In brief, we carried out three controlled experiments with rectangular
mesocosms sized 90 x 90 x 20 cm (width x length x height; Fig. 10). Experiment One and Experiment
Two used identical experimental designs consisting of four inserts per mesocosm positioned at
different distances (three different levels each replicated four times generating archipelagos of low,
intermediate and high connectance) from each other but were carried out with different hosts
(Plantago lanceolata and Medicago lupulina; Fig. 10a). In Experiment Three we experimented with two
different habitats (unfertilized soil and soil fertilized with 1.8 g superphosphate per insert) and the
spatial structure of mixtures of them (i.e., aggregated vs overdispersed spatial structure). In
Experiment One some of the P. lanceolata roots penetrated the 30 um mesh barriers and explored the
unvegetated compartment. In Experiment Two and Experiment Three we observed differences in AMF
colonization across the treatments which we presented in detail in Grinfeld et al. (2022).

The soil that was used for the three experiments was collected from a location in northwest
Berlin (52.51° N, 13.14° E), had a pH of 6.7 and contained on average 1.75% organic C and 1.3 g kg-1
N. The freshly collected soil used for the experiments was stored at room temperature for less than
two weeks before setting up the experiments. The soil used to fill the patches was unsterilized
providing natural microbiota. The soil used to fill the main compartment of the experimental units was
mixed 1:1 with sand and steam-sterilized (99 °C for 2 h) in order to destroy AMF propagules. To each
of the inserts we added 200-250 seeds (B&T World Seeds, Aigues-Vives, France) of either P. laneolata
(Experiment One) or M. lupulina (Experiments Two and Three) to approximate a plant density of one
seedling per square cm (e.g., Scotton, 2019).

In the three experiments we used a fully randomized design. Because of the size of the
mesocosms it was impossible to re-randomize the experimental units over the duration of the
experiment. The temperature in the air-conditioned glasshouse was maintained close to 20 °C. In all
three experiments, two weeks after germination of the seedlings, we set up an automatic irrigation
system so that the plants were watered daily (over the first two weeks of the experiments watering
was carried out manually). We further controlled growth conditions with five soil moisture sensors
(ECH20 EC-5 soil moisture sensors and an Em50 data logger, METERSs) positioned in three experimental
units: in each experimental unit one of the sensors was in the unvegetated compartment and one in
one of the inserts. Watering was adjusted so that soil moisture ranged between 60% and 75% of the
water holding capacity. We inspected plant growth daily and removed any unwanted seedlings.

All three experiments were harvested 12 weeks after sowing, respectively, and cleaned root

samples (50 mL core) were frozen at -20 °C before DNA extraction. Plant biomass was dried at 60 °C
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for three days and weighted. Root material from each insert was used to assess root colonization
(McGonigle et al., 1990). Soil cores (five per experimental unit with more details in Grinfeld et al.
(2022) were used to assay extraradical hyphae in soil. These results are described in Griinfeld et al.

(2022).

Molecular Analyses and Bioinformatics

Roots from each individual insert per experiment were treated as one sample.Root samples were
freeze-dried and homogenized with a Retsch Mixer Mill MM 400 and DNA was extracted from 30 mg
ground root material per sample with the DNeasy® PowerPlant® Pro Kit (Qiagen). DNA was amplified
with a proofreading polymerase (Kapa HiFi; Kapa Biosystems) and the primer pair NS31-AML2 targeting
Glomeromycota (Lee et al., 2008). Thermocycling conditions were as follows: Initial denaturation at 95
oC for 2 min, 35 cycles with first 98 <C for 45 s, then 65 °C for 45 s and 72 °C for 45 s and final elongation
at 72 oC for 10 min. The PCR master mix for indexing consisted of 1 uL of the purified polymerase chain
reaction (PCR) template, 2.4 pL of the primer mix, 0.25 plL polymerase, 0.5 uL dNTPs (10 uM), 5 uL PCR
buffer and 15.85 uL nuclease-free water per 25 uL reaction. Amplicons were purified with the
NucleoSpin® gel and PCR clean-up kit (Macherey-Nagel, Diiren, Germany) and indexed for MiSeq
sequencing by means of an additional PCR with the same conditions as described earlier but with only
15 cycles. Amplicons were purified with magnetic beads (GC Biotech, Alphen van den Rijn, The
Netherlands), and were pooled at equimolar quantities. Sequencing was carried out at the Berlin
Center for Genomics in Biodiversity Research (BeGenDiv, Berlin, Germany).

Raw sequences were processed with the UPARSE pipeline (Edgar, 2013) with USEARCH v
10.0.240 and default settings and were clustered into phylotypes (i.e., Operational Tax- onomic Units
- OTUs) at a threshold of 97% sequence similarity. Representative OTU sequences were blasted against
MaarjAM (Opik et al., 2010) and non-specific to Glomeromycota (i.e., > 97.5% similarity or > 99%
coverage) OTUs were excluded from further analyses. We then rarefied these to 2200 reads which
filtered out two samples from further analyses (i.e., analysis was carried out on the remaining 240

samples).

Statistical Analyses

To address Hypothesis One, stating that AM fungal local communities were non- random, we
compared C score (i.e., checkerboards) occurrences in our presence-absence community tables with
1000 randomizations in which we maintained the total number of row sums fixed and the column sums
proportional to those of the original community table.

This was carried out through the sim4 algorithm (i.e., which is appropriate for assessing
incomplete lists, Gotelli, 2000) which we implemented through the R package EcoSimR (Gotelli et al.,

2015). We presented the results in the form of z-score standardized effect sizes (SES) which can be
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interpreted as (1) random community structure in the case of scores with absolute SES values below
1.96; (2) aggregation for negative SES values below -1.96; and (3) segregation for positive values above
1.96.

To address Hypothesis Two, stating that low connectance promoted a high y-diversity in
Glomeromycotan communities we used a fixed-effects linear models. We assayed how the
experimental design (a categorical predictor with three levels: high connectance vs. intermediate vs.
low connectance archipelagos; Fig. 10) modified y-diversity (response variable) in the experimental
units. To further gauge the impact of connectance on a- and y- diversity we calculated those indices
(i.e., local to the inserts and global for the entire mesocosm richness estimates, describing essentially
the observed in the resulting community table number of OTUs at each of the two hierarchical levels)
for individual inserts and modelled them after a repeated-measures analysis of variance (ANOVA)
approach in which we used as response variables the diversity indices and the type of meta-community
as predictors with additional error terms to model the nesting of inserts within experimental units. To
further address the possibility that the treatments induced differences at a community level we
implemented redundancy analyses (RDA) with the Hellinger transformed community tables as
responses and the treatments as predictors. Additionally, we carried out an indicator species analysis
to assess the degree to which phylotypes preferably established in some spatial designs.

To address Hypothesis Three, stating that low connectance of plant communities increases
segregation, we used the Jaccard index (i.e., Jaccard similarity coefficient), defined for any pairwise
combination of habitats as the ratio of common species over total number of species, as a metric of
similarity across communities. We calculated Jaccard similarities for all pairwise combinations of
inserts within individual experimental units. To avoid inflating the degrees of freedom we averaged
the similarity coefficients describing the similarity of any given insert across habitats of any particular
class (i.e., short distance/long distance/(un)fertilized soil patches). To model similarity coefficients we
used a repeated- measures ANOVA approach with the Jaccard coefficients as response variable and a

structure identical to the models we used to model a- and y- diversity.

Results

Overall Statistics

Alpha diversity varied in the experiments between 6 and 44 phylotypes (i.e., 12—40 in Experiment One;
17 to 44 in Experiment Two and 6 to 41 in Experiment Three; Fig. 11). Gamma diversity varied between
30 and 53 phylotypes (i.e., 30-48 in Experiment One; 39 to 52 in Experiment Two; 35 to 53 in
Experiment Three). In none of the three experiments could we explain alpha (F values varied between
0.38 and 2.1 with respective p values larger than 0.11) or gamma diversity (F values varied between

0.2 and 1.3 with respective p values larger than 0.3) based on the experimental treatments.
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Community differences across the treatments were not significant in any of the three
experiment specific RDAs (F values varied between 0.96 and 1.22 with adjective R2 values were in all
cases below 0.005). Indicator species analysis yielded inconsistent results and a low occurrence
frequency of indicators: there were no indicator OTU in Experiment One, there was a single indicator
OTU in Experiment Two specific to low connectance archipelagos (with p = 0.03) and there were two
OTUs specific to the unfertilized control and one to the fertilized control but not to any of the mixes of
them in Experiment Three. Such low frequencies of indicators could have been explained, at least in

the case of the two first experiments, by chance.
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Figure 11 Alpha diversity statistics across treatments and habitats in (A) Experiment One; (B) Experiment Two;
(C) Experiment Three. Each experimental unit contained several inserts and we assayed the mycorrhizal
community independently for each insert. We observed no differences in alpha diversity in all three experiments.
Main panels depict alpha diversity across individual samples whereas the panel inserts show the results after
averaging the four (Experiment One and Experiment Two) or eight (Experiment Three) estimates of alpha
diversity per experimental unit. Note the lack of differences in relation to alpha diversity. We observed

comparable trends for gamma diversity.

Null Model Analyses

All standardized effect size statistics differed from zero and ranged between -9.6 and -20.6
(Experiment One: -9.6; Experiment Two: -10.99 and Experiment Three: -20.66), suggesting

community aggregation.

Comparative Analysis of Jaccard Similarities across Experiments

Jaccard similarities did not differ across treatments but within experimental units between short-
distance and long-distance inserts in the intermediate connectance treatment of Experiment One (F1,
49 = 6.3, p = 0.015; Fig. 12a; Appendix IV, Test 5.1). There was a comparable trend with Jaccard
similarities (F1, 49= 2.12, p = 0.15) in Experiment Two (Fig. 12b; Appendix IV: Test 6.1). In Experiment
Three, there were differences in Jaccard similarities only between observations within experimental
units which differed in their habitat type (i.e., unfertilized vs. fertilized; unfertilized vs. unfertilized;
fertilized vs. fertilized; F2, 207= 4.0, p = 0.02; Fig. 12c; Appendix IV: Test 7.1). Jaccard similarities were

on average larger in the overdispersed; Appendix IV: Test 7.2).
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Figure 12 Jaccard index statistics from pairwise comparisons of samples within experimental units in (A)
Experiment One; (B) Experiment Two; (C) Experiment Three. Note in panels (A,B) that in intermediate connected
spatial arrangements we observe higher Jaccard distances between long- distance compared to short-distance
“patches” (in the case of Experiment Two a trend) within-subjects distance effect; F1,49 = 6.34, p = 0.015 in
Experiment One; F1,49 = 2.12, p = 0.15 in Experiment Two) and in panel (C) that Jaccard distances differed (F2,

207= 4, p = 0.02) within experimental units in the overdispersed and aggregated treatment.

We thus observed that within experimental units there were differences in AMF community turnover
(assayed with the Jaccard index) which peaked for pairs of distantly placed patches (Experiment One
and Experiment Two; as compared to closely placed patches) and pairs of patches containing different
habitats (Experiment Three). However, we observed no comparable differences between treatments
only containing distantly placed vs. only closely placed patches or high fertility vs. low fertility patches
(and this is why the predictor treatment was not significant). A high community turnover, in the

absence of diversity differences, is evidence of a lower predictability.

Discussion

We present evidence from three controlled experiments supporting that small scale micro-landscape
heterogeneity (i.e., here describing either experimental units with a low patch-connectance or
experimental units containing habitats of different quality) hardly alters diversity patterns in AMF
communities. AMF community structure, however, remains non-random. At the same time, we
observed that archipelagos combining habitats of both low- and high-connectance (which implies that
AMF might have needed to combine traits of long-distance and short-distance dispersal), as well as
overdispersed micro-landscapes displayed differences in community turnover (and thus predictability;
Appendix IV, Test 7.2) across their patches, with pairs of highly connected patches and patches sharing
comparable habitats being the most similar to each other. Some conceptual models predict that AMF
communities become less random at small (local) spatial scales (i.e., manifested in the form of a low
community turnover, Valyi et al., 2016). With this study we provide experimental evidence that even
at such small spatial scales, micro-landscape variability continues to structure AMF communities and
can alter their stochasticity (i.e., used here as an opposite to predict).

Our Hypothesis Two stated that we would observe the highest y-diversity in the cases in which
they were most fragmented, but we observed that the differences across treatments in our
experiments were unrelated to AMF diversity. Evidence suggests that AMF richness (either in the form
of alpha, here defined as OTUs observed per insert, or gamma diversity, here describing the number
of OTUs per mesocosm) stays relatively constant across a range of environmental gradients in AMF
systems (e.g., Lekberg et al., 2012; Kivlin & Hawkes, 2016; Maitra et al., 2019) albeit this is not the case

with nutrient availability gradients as has been for example shown in Camenzind et al. (2014). It has
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actually been proposed that plants impose a strong filter on the number of partners they
simultaneously associate with (Hammer et al., 2011; Kiers et al., 2011; Veresoglou & Halley, 2012),
which could determine AMF richness in plant roots. In our experimental set ups, manipulations of the
spatial design altered AMF root colonization (Griinfeld et al., 2022). The exact reasons why in mixed
micro-landscapes we observed a higher root colonization and variable AMF community turnover
(which was masked when comparing across less diverse micro-landscapes) are not clear. We suspect
that the underlying mechanism relates to alternative growth strategies across AMF taxa. AMF have
been proposed to contain two types of hyphae, absorptive and explorative, which differ in their
functions (e.g., Staddon et al., 2003). Mixed micro-landscapes might necessitate both types of hyphae
to be present at high densities which likely weakens interspecific pairwise co-occurrence interactions
across AMF species (i.e., pairs of species found together more frequently than expected by chance and
pairs of species co-occurring less frequently than expected by chance; e.g., Bar-Massada, 2015). High
densities of both types of hyphae should theoretically result in a higher diversity of pairwise
interactions, including many combinations of short-distance dispersers and long-distance dispersers.
Also, mixed micro-landscapes could render the benefits that plants acquire from the different AMF
species more variable with long-distance dispersers being favoured in some parts of the micro-
landscape whereas short-distance ones in others and thus generate conditions with unclear
investment optima. In doing so, mixed micro-landscapes favour a more diverse set of AMF (Kiers et al.,
2011). An alternative explanation is that within experimental units we could better control for
idiosyncratic parameters that can sometimes determine AMF community structure in the early stages,
such as the quality and quantity of the AMF propagules and soil moisture settings throughout the
experiment. We think that through controlling those idiosyncratic parameters in our within
experimental units comparisons, we might had a higher statistical power to detect differences in
community turnover (and thus predictability) than across experimental units.

We found support for Hypothesis One that AM fungal communities were non-random which,
however, was not surprising. A large body of the mycorrhizal literature supports the idea as we
reviewed in the introduction (e.g., Davison et al., 2011; Horn et al., 2017). What makes our study novel
is that across three controlled experiments we found consistent results on a parameter that
determines how random AM fungal communities might be micro-landscape structure. We observed
differences in community turnover in mixed micro-landscapes (that were masked in their
homogenized counterparts) which was higher for distant patches and patches differing in their habitat
quality. This observation aligns well with expectations based on meta-community theory (Hubbell,
2001). There have only been a few studies so far quantitatively (i.e., assessing effect sizes on the degree
of predictability, rather than simply obtaining a qualitative result such as whether the community is

segregated) assessing how predictable synthetic microbial systems can be. A recent meta-analysis on
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the topic examining 21 datasets showed that organic additions make microbial communities less
predictable (i.e., more stochastic; Ning et al., 2019) which was later further supported by an additional
study (Silva & Pernthaler, 2020). In another study, Fodelianakis et al., (2021) showed that evolutionary
drift in synthetic bacterial communities rendered them less predictable than in their original cultures.
We used here an important for the functioning of ecosystems, system, arbuscular mycorrhizae, to
show that also spatial structure can induce less predictable microbial communities and that this
happens when we mix different micro-landscape features.

Arbuscular mycorrhizal fungi are most likely to experience dispersal constraints in urban and
agricultural landscapes as well as woody habitats (Grinfeld et al., 2019). In the case of agricultural
landscapes, the growth settings most likely select for short-distance dispersal traits (i.e., there are
uniform distances across crop individuals, which ease the proliferation of AMF species from close by
patches of AMF diversity). In contrast, in woody habitats the growth settings most likely select for a
combination of long- and short-distance dispersal (i.e., distances between AMF-associating plants
most likely vary in time and space). Based on the results of our study, plant hosts in woody habitats
could, therefore, experience a higher stochasticity in relation to harbouring AMF community structure
than other hosts. This might actually benefit AMF-associating plants in forests, in the longer term.
Woody plants, in particular, experience a high mortality at early life-stages. If plant fitness to a certain
degree depends on the benefits they acquire from associating with AMF (as we suggest in Veresoglou
et al. (2017) and Grinfeld et al. (2019), stochasticity in AMF community structure could render plant
fitness more variable in both time and space and ensure that the surviving individuals are those that
associate with strongly mutualistic AMF (e.g., Johnson et al., 2014). Further studying parameters that
determine stochasticity in mycorrhizal fungal communities, could be key to explaining why and how

plant-soil feedback varies in time and space (e.g., Kadowaki et al., 2018; Liang et al., 2020).

Conclusions

In conclusion we present evidence that mixing micro-habitat features, such as distances across hosts
and fertility levels, makes AMF communities more stochastic (i.e., less predictable). This observation
presents a range of opportunities to increase AMF diversity (via facilitating establishment of less
competitive species) and hopefully productivity in silviculture and agriculture. Glomeromycota, clearly,
present a special case of fungi because of their obligate symbiotic lifestyle, meaning that it is possible
to control their spatial structure through manipulating the location of their plant hosts. A follow up
guestion revolves around assessing the degree to which there are comparable patterns in other

systems of fungi and the overall consequences for ecosystem functioning.
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Chapter 5: General discussion

The primary goal of this dissertation is to improve the understanding of AM fungal community
dynamics in relation to the factor host plant spatial structure. In two field studies and three
asynchronous greenhouse experiments we therefore assessed different aspects of AM fungal diversity,
such as root colonization as a measure of abundance, as well as species-level richness and community
composition (Fig. 1).

In Chapter 2 we showed that the proximity of AM-associating woody plants increased AM
fungal root colonization in eight herbaceous understorey plants across 13 temperate deciduous forest
sites. We concluded that close-by AM plant species acted as sources of AM fungal inoculum for each
other. Connectance through AM fungal hyphal networks could be an important mechanistic aspect of
facilitation between plant species (Veresoglou et al., 2017). In Chapter 3 we compared and ranked the
effects of a set of spatio-temporal parameters on AM fungal diversity and community composition.
Spatial parameters followed by host plant identity were relatively more important than temporal
parameters. Overall, only a small fraction of the observed variation in community composition could
be explained by the investigated factors suggesting high stochasticity in the formation of the regarded
communities. In Chapter 4a we found that continuous and heterogenous artificial micro-landscapes
consisting of Planatgo lanceolata or Medicago lupulina host patches induced higher rates of root
colonization with higher proportions of functional structures than respective discontinuous or
homogeneous micro-landscapes. In Chapter 4b we observed that AM fungal diversity was generally
not affected by micro-landscape structure. However, we found higher community turnover rates
within micro-landscapes containing different distances (Experiments 1 and 2) and different types

(Experiment 3) of habitats rendering those communities less predictable.

AM fungal communities in temperate forests

It has been suggested that dispersal and consequent propagule limitation in AM fungi occur at the local
scale in certain ecosystems, but data supporting this hypothesis are lacking (Davison et al., 2011; Zobel
& Opik, 2014). In Chapter 2 we presented evidence that indeed AM fungal propagule availability in
temperate forests varies and might be reduced at forest sites with relatively lower AM-associating
woody plant cover. There is a slowly increasing number of studies exploring the effects of plant
mycorrhizal type and plant cover on AM fungal communities in temperate forests. Our findings for
example are in line with recent research conducted in experimental forests in Poland. Here, the
authors found higher abundances of AM fungi at forest plots with increasing number of AM-associating
tree species, respectively (Rozek et al., 2020; Zubek et al., 2021). A limitation to date is that none of
the studies have examined the effects on host plant fitness at sites with lower AM host plant densities,

which would be an interesting follow-up question. However, it can be concluded that the abundance
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and mycorrhizal type of tree species is likely to be of great importance for the distribution of AM fungi
in comparable ecto-mycorrhiza dominated temperate forests, which is relevant for the protection and
restoration of these ecosystems.

Assessing AM fungal community dynamics over two years in response to spatial and temporal
parameters, as well as host plant specificity in Chapter 3 revealed more complex results. We observed
that spatial parameters and host identity (but not AM-associating plant cover) were more important
for structuring AM fungal communities than temporal parameters (year and season), and overall, we
could only explain little variation in fungal community structure. Thus, we encountered similar
difficulties as many other field studies that could explain only a small fraction of the variation in natural
AM fungal communities by deterministic processes (e.g., Dumbrell et al., 2010; Kohout et al., 2015;
Rasmussen et al., 2018; Maciel Rabelo Pereira et al., 2020). In our case, we worked at temperate forest
site (50 m x 50 m) with likely quite homogenous abiotic conditions, thus increasing the chance of
observing potential effects of the spatial structure of AM host plants. However, in future studies in the
same area, it may be beneficial to expand the study range (by comparing multiple sites) and to include
environmental variables that typically influence AM fungal distribution, such as soil pH and nutrient
concentrations.

In general, similar to the results of the experimental work, AM-associating woody plant cover
did not affect AM fungal communities but did affect AM root colonization. Based on these results, it is
therefore possible that AM fungi are not generally dispersal-limited in temperate forests as also
recently suggested by Boeraeve et al. (2019). However, lower densities of AM-associating plants can

probably cause propagule limitation and thus reducing the level of mycorrhization.

Differential responses of AM fungal root colonization and community composition to host plant

spatial structure

We observed parallels in natural and experimental AM associations, namely an increased AM fungal
root colonization at relatively higher host plant densities. These findings were derived from
observations in eight herbaceous host plant species across 13 temperate forest sites (Chapter 2) and
from greenhouse experiments where distance or heterogeneity of AM habitat patches were
manipulated (Chapter 4a). Zubek et al. (2021) showed similar results in a recent study from a polish
nature reserve in which AM root colonization was higher in herbaceous understory plants in riparian
compared to beech forests, which was attributed to a lower number of AM host plants in the latter.
Interestingly, in our case, in contrast to colonization patterns, the diversity or composition of
AM fungal taxa did not show comparable strong responses to host plant structure in the same
experiments (Chapter 2), or sampling area (within one of the previously studied forest sites — Chapter

4b). This was unexpected as AM fungal richness often co-varies with root colonization rates (e.g., see
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Verbruggen et al., 2012 for agricultural soils). Therefore, the question arises why host spatial structure
induced changes in root colonization while fungal communities remained rather unaffected. In
contrast to our findings, Rozek et al. (2020) observed that not only root colonization, but also species
richness increased at forest sites with a higher AM plant cover. Similarly, Rozek et al. (2020) reported
distinct AM fungal community compositions in relation to overstory tree type (deciduous vs.
coniferous) within an experimental forest. In another, earlier study in a seminatural forest in Great
Britain, shifts in AM fungal community composition in roots of an herbaceous plant were found
between plots with AM-associating vs. ectomycorrhizal-associating dominant overstory tree species,
while soil properties were not considered (Helgason et al., 1999). In the referred studies, however, the
soils between compared sites were highly divergent, thus effects of pH and macronutrients could not
be delineated from those of the host plants.

Therefore, with respect to the current state of knowledge, the single factor host plant spatial
structure might not be of great importance for the diversity or composition of AM fungi in temperate
forests. Effects that do appear in some studies are probably strongly linked to site-specific (mostly soil)
conditions, which in turn are linked to specific plant communities. These effects become more visible
the more heterogeneous or spatially separated sampling sites are from each other. This may explain
why we did not observe any effects of AM host plant cover in our spatio-temporal study, where we
worked at a relatively small spatial scale with likely low soil heterogeneity. It would be highly
interesting whether this also applies to other study systems, in particular to those where AM fungal
dispersal may be more restricted. This could be the case in urban environments, or for example on

sandy coasts with fragmented habitat islands (Koske et al., 2004).

Experimental limitations

To assess the generality of the effects of habitat structure, the results of the experimental work could
be valuable. A post-hoc expectation derived from the results of the above discussed observational data
would be that AM fungal diversity or community composition would be altered in micro-landscapes
with varying habitat quality, but not with varying habitat connectance. However, in contrast to these,
as well as to the initial expectations, diversity and community composition was overall unaffected by
the implemented treatments (except for some within-unit differences, see following paragraph).

One possible explanation for the different responses of root colonization and the diversity-
measures is that our experimental design did not reflect well regional and local pools of AM fungal
taxa. We expected that differences in dispersal and competition within our micro-landscapes would
have altered AM fungal assemblages across habitat patches over time. Thus, the distances between
habitat patches, the experimental duration, or both, might not have been sufficient to reveal

differences in dispersal, or competitive ability across fungal species. Also, it is possible that species

66



Chapter 5: General discussion

filtering through the plant host or soil conditions acted within homogenized habitats in the beginning
of the experiment producing rather similar and stable subsets of AM fungal communities across micro-
landscapes.

Consequently, the observed changes in root colonization could also reflect rather intraspecific
than interspecific dynamics within the experimental fungal communities. The proximity between
habitat patches could have facilitated migration of individuals and thereby promoted an accelerated
build-up of extraradical mycelium. Stronger hyphal networks connecting the neighbouring plant
patches could have led to more efficient information and nutrient fluxes resulting in higher root
colonization (Hart & Reader, 2005; Barto et al., 2012). It is likely that at larger distances AM fungi
require to invest more in growth of exploratory hyphae resulting in decreased colonization.

The fact that the observed communities were not random (Chapter 4b), but not related with
the spatial treatments finally could mean that we missed any other relevant factor driving assemblage
processes. With our data, we can however conclude, that it was not species richness that induced
variations in root colonization. A relationship between species richness and colonization rate is often
implicitly assumed but has, to our knowledge, not been explicitly studied for AM fungi. This result
highlights the importance of capturing both, functionally relevant and diversity-related measures, in

order to comprehensively assess AM fungal communities.

Conclusions for the applicability of meta-community theory

Meta-community theory represents a promising approach for a suitable description of community
dynamics in host-dependent microbes (Mihaljevic, 2012). Therefore, we designed the greenhouse
experiments on host plant structure in a way that they could detect such dynamics in AM fungi
(Veresoglou et al., 2012). We used small patches of host plant populations and considered them as
islands of “local” communities of AM fungi connected by an initially sterile matrix soil. Thereby we
anticipated variations in AM fungal species richness and composition in response to levels of
connectance and heterogeneity across micro-landscapes reflecting the “regional” community.
Contrary to our expectations we could not detect variations in fungal diversity estimates across our
spatial treatments. We however observed variations in B-diversity (species turnover) between patches
within the experimental units with mixed connectance (Experiments 1 and 2) and with different habitat
types (Experiment 3). In Chapter 4b we assumed that higher turnover rates in treatments with a
heterogeneous landscape would be indicative of source-and-sink dynamics (Experiment 3). The
explanation is, that if even at high connectance of neighbouring habitat patches species turnover is
detectable, this will most likely be due to environmental filtering through a varying environmental
factor (here P-fertilization). On the other hand, under source-sink dynamics y-diversity should also be

higher in the treatments with both habitat types, as co-existence of AM fungal taxa across the micro-
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landscape will be promoted when different habitat types are present (niche differentiation), which we
could not observe. Furthermore, habitat distance alone did not affect AM fungal communities, but the
combination of short- and long-distance patches within micro-landscapes induced higher B-diversity.
In Chapter 4b we explained this by the possible co-existence of AM fungal taxa with different dispersal
abilities, however, the respective micro-landscapes did not promote an overall higher y-diversity.
Consequently, these micro-landscapes hosted less predictable communities but did not show a clear
signal of meta-community dynamics as would be required to support the theory.

In conclusion, our data neither support the applicability of meta-community theory nor
exclude it entirely. Studying mycorrhizal fungi in a meta-community context is challenging because
experiments at this scale are difficult to implement and, in the field, the precise boundaries of local
communities are undefined. Compared to AM fungi, ecto-mycorrhizal fungi may offer an advantage
through their association with trees, as these large host plants can be considered as clearly delineated
islands (Peay et al., 2007, 2010). For AM systems, field experiments with some degree of control of the

spatial host distribution and longer durations could be very informative.

Future methodological challenges

Comparisons to other AM fungal community studies are often difficult as methods, sampling scale and
design differ. For example, for the assessment of overall abundance a range of techniques exists. Spore
density or root colonization are often measured, but so are phospholipid and neutral lipid fatty acid
(PLFA and NLFP) biomarkers (Olsson et al., 1997), or even sequencing-derived surrogates such as
sequencing depth (Veresoglou et al., 2014).

Similarly, despite the general advances in molecular techniques, traditional methods for the
assessment of AM fungal diversity such as spore identification are still used (e.g., Rozek et al., 2020;
Zubek et al., 2021). This complicates the comparison of absolute species number estimates with
estimates derived from molecular data, such as the widely applied terminal restriction fragment length
polymorphism (t-RFLP) analysis (Dickie & Fitzjohn, 2007). The most common approach for species-level
taxa estimation based on next-generation sequencing is determining operational taxonomic units
(OTUs) via the online database MaarjAM (Opik et al., 2010). However, recently, the usage of amplicon
sequence variants ASVs has been proposed to be beneficial for fungal sequences (Joos et al., 2020).
Comparing ASV-based denoising and OTU-based clustering methods revealed significantly different
results in microbial diversity (Joos et al., 2020; Chiarello et al., 2022). Results and interpretations also
strongly depend on the bioinformatic pipelines (Pauvert et al., 2019; Joos et al., 2020). To what degree
outcomes are comparable is insufficiently studied and often the main difficulty is the delineation

between rare taxa and measured noise. In terms of subsequent community analyses, Veresoglou et al.
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(2014) suggested the implementation of diversity profiles (Leinster & Cobbold, 2012) into microbial
studies, as the integration of different diversity metrics can better account for rare taxa.

In summary, the wide range of profiling techniques, often time-consuming and costly,
combined with the extensive knowledge gaps in microbiology (definition of "individual" and "species")
and limited taxonomical resolution (Bruns & Taylor, 2016) present challenges for future research.
Further efforts to identify the most promising techniques and standardization among studies to the

greatest extent possible are urgently needed.

General conclusion

The studies presented in this thesis provide empirical evidence for host plant structure-related changes
in AM fungal abundance assessed by root colonization. We observed similar patterns in both natural
and experimental communities, supporting the growing recognition that AM fungi are affected by
habitat fragmentation and propagule limitation in certain environments with likely consequences for
the symbiotic efficiency. Advances in molecular techniques such as next generation sequencing have
allowed deeper insights into host-fungal community dynamics, although data are still lacking to draw
more general conclusions. This would be of great importance to disentangle the relative influence of
different abiotic and biotic drivers across various environments at distinct spatial scales. The high
degree of stochasticity commonly found in natural AM fungal communities demonstrates knowledge
gaps and challenges for future research. A major task will be to better understand how biotic drivers,

in particular interactions with other soil microorganisms, contribute to the distribution of AM fungi.
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Figure S1 Variance in arbuscular, hyphal and vesicular colonization across plant species in high (left) and low
(right) stands (“high” stands had a high percent cover of woody plants associating with AMF whereas “low”
stands a low percent cover of woody plants associating with AMF). Arbuscular colonization was almost as variable
as hyphal colonization, with better distribution properties (i.e., Gaussian like) but also showed distinctiveness
between high and low stands. Among other reasons (see Notes S1: Estimation of root colonization) this is why

arbuscular colonization represented the suitable response value for this study.
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Figure S2 Correlogram of percent arbuscular colonization (y-axis) with distance (x-axis). We carried out the
correlogram with the function correlog in the R package ncf (Bjornstad, 2018). The specific correlogram uses as
a statistic a centred Mantel test which is carried out independently at each different distance. Whenever
significant (i.e., here only at approximately 0.28 degrees) we highlight the result with a star. Because only one of
the ten tests were significant and that the sign of the Mantel statistic varied with distance there was insufficient

evidence that our percent arbuscular colonization showed any spatial constraints.
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Figure S3 Hyphal colonization in the eight target herbaceous plant species. Jittered boxplots show the number
of observations (pale yellow dots) on sampling stands with low (yellow) or high (green) coverage of AMF-

associating woody plant and shrub species. Model statistics can be found in Notes S2.
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Figure S4 Fits for the random effects variable stand (y-axis) plotted against the proportion of AMF-associating

woody plants and shrubs that were observed in each stand (green and yellow dots).
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Table S1: Location information (i.e., latitude and longitude) as well as percent AMF and ECM cover for the 13 stands
which we assayed for herbaceous plants. Based on the percent cover of woody plants that associate with AMF we

classified that stands into the classes of “high” and “low” AMF woody cover.

classification
% woody coverage % woody coverage

(percent of woody

standID that associate with  that associate with latitude longitude
plants the associate
AMF* ECM**
with AMF)
60 63.6 92 high 53°,25',8.23  9°,28',42.62
80 55.6 162 high 53°,39',49.14 9°,2',0.67
86 0 326 low 53°,26',37.78 9°,29',8.84
103 4.3 331 low 53°,39',49.14 9°,2',0.67
105 4.3 247 low 53°,39',49.14 9°,2',0.67
112 6.7 330 high 53°,25',8.23  9°,28',42.62
113 0.6 297 low 53°,25',8.23  9°,28',42.62
115 3.6 367 low 53°,25',8.23  9°,28',42.62
233 82.6 163 high 53°,18',17.68 9°,24',33.65
286 54.2 118 high 53°,39',49.14 9°,2',0.67
296 49.7 137 high 53°,31',35.69 9°,4',7.25
297 58 100 high 53°,31',35.69 9°,4',7.25
358 2.1 256 low 53°,26',36.13 9°,13',12.82

*% coverage values were derived after converting extended Braun-Blanquet classes to % woody cover with the

**coefficients proposed by van der Maarel (2007). As a result, they do not add up to (and in most cases exceed)

100%.
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Table S2 List of the woody species we observed in the stands and their classification into the three mycorrhizal classes
(i.e., here represented with scores 0 (not forming arbuscular mycorrhiza), 0.5 (occasionally forming arbuscular
mycorrhiza) and 1 (always forming arbuscular mycorrhiza). For the classification we used data from Wang & Qiu
(2006). To combine mycorrhizal information with community structure we multiplied abundance of species with their

respective AM score. For more information on the approach kindly check Veresoglou et al. (2017).

plant species mycorrhizal status (Wang and Qui 2006) AM score
Acer pseudoplatanus AM+ECM+NM 0.5
Alnus glutinosa AM+ECM+EEM+NM 0.5
Betula pubescens ECM+EEM 0
Carpinus betulus ECM 0
Corylus avellana ECM 0
Crataegus laevigata AM+ECM 0.5
Euonymus europaea AM 1
Fagus sylvatica ECM 0
Fraxinus excelsior AM+ECM 0.5
Hedera helix AM 1
llex aquifolium AM+ECM 0.5
Lonicera periclymenum AM 1
Populus x canadensis AM+ECM 0.5
Prunus padus AM+ECM 0.5
Quercus robur ECM 0
Rubus fruticosus AM 1
Rubus idaeus AM+NM 0.5
Sorbus aucuparia AM+ECM+NM 0.5
Ulmus glabra AM 1
Viburnum opulus AM 1
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Table S3 Percent arbuscular colonization in the target herbaceous host species across sampling stands.

host species stand % arbuscular colonization
286 311
297 47.4
Ajuga reptans 103 2.5
105 20.5
358 0
80 58.5
1l . 286 62
Allium ursinum 103 435
105 49
80 7.5
. . " 233 45.5
Brachypodium sylvaticum 286 175
296 16
60 49.2
112 0
233 36.1
286 71.6
296 45.8
Circaea lutetiana 297 30.3
86 27.9
103 11.8
105 29.4
115 18.7
358 24.4
60 17.2
233 28.4
Geum urbanum 36 13.6
286 36.9
60 17.9
80 32
112 15.7
Pulmonaria obscura 286 40.5
103 10.4
105 18.2
115 6
60 22.9
112 9.7
233 20.5
286 38
Ranunculus auricomus 296 258
297 2.5
86 8
113 8.8
115 14.4
358 9.4
80 52.5
Sanicula europaea*® 233 44.3
286 47.5

* species found exclusively in high stands
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Notes S1: Extended Materials and Methods

Semi-permanent stands

We used semi-permanent forest stands which were surveyed in 1988 for the first and in 2008 for the
second time. We reinvestigated a subset of the originally 415 forest stands in 2017. A comparison
between the first two surveys revealed a slight trend towards species homogenization as stated by
Naaf & Wulf (2010). Hence, we here selected solely undisturbed stands that held a required diversity
in herbaceous plant species.

Several abiotic parameters can alter the proportion of the plant root colonized by AMF, such
as temperature, moisture, light availability and nutrient availability. We here assayed understory
plants for stands with a closed canopy from a relatively small geographic area. This way we partially
controlled for cross-stand differences in temperature, moisture and light availability. Because of the
conservation state of the forests it is additionally unlikely that there were large differences in
herbivory; the herbaceous plants which we assayed were all intact. It is likely, however, that there
were systemic differences in nutrient availability between AMF-dominated and ECM-dominated
stands which we explore in the main text. Selection criteria for plants

The classification of the mycorrhizal status of occurring plant species was based on Wang &
Qiu (2006). Hereafter, we selected eight herbaceous species that were classified as AM-associating and

were abundant at our forest stands.

Estimating the proportion of root colonized by AMF

Studies in mycorrhizal ecology often use a confusing terminology when referring to mycorrhizal
structures. Here, in agreement with McGonigle et al. (1990), we describe the total occurrence of
mycorrhizal structures as proportion of root colonized by AMF and the occurrences of arbuscules,
hyphae and vesicles in the roots as % arbuscular, hyphal and vesicular, respectively, colonization. Two
replicate slides per sample included approximately 60 root fragments with a length between 1-2 cm.
Root fragments were cut at different distances from the main root axis to represent a variety of root
thicknesses. Per sample arbuscular, hyphal and vesicular colonization for a minimum of approximately
200 intersections was assessed using the magnified intersection method (McGonigle et al., 1990; Fig.

S1) but focused our statistical analyses on % arbuscular and hyphal colonization.

Statistics

We analysed our data with two linear mixed effects model with arbuscular colonization (i.e.,
proportion of root length containing arbuscules) and hyphal colonization (i.e., proportion of root
length containing hyphae) as response variables, woody AM plant species coverage (i.e., the relative

cover of woody plants that associated with AMF in the woody stratum with two levels: high or low)
78



Appendix I: Chapter 2

and host species fixed effects predictors and sampling stand as a random effects categorical factor.
Because of the low number of replicates and the several different species which we included in the
analysis we assume Gaussian-distributed errors instead of using a generalized linear model approach.
To address issues with spatial autocorrelation we added in our model a spatial autocorrelation
structure (i.e., modelling spatial autocorrelation in arbuscular colonization across neighbouring stands;
(Pinheiro et al., 2014) but this did not improve the fit (i.e., AIC values of the model) and the results we
present are without this structure. We further examined spatial autocorrelation in arbuscular
colonization through a correlogram which we present in the form of Fig. S2. Correlograms visualize the
output of iterative spatial autocorrelation tests (each at P<0.05) at different spatial distances, which
can result from either positive or negative spatial autocorrelation. We observed no spatial
autocorrelation at P=0.05 but for a distance of 0.3° (latitude & longitude; approximately 33 km) which
should have been because we carried out multiple tests (i.e., there was one test at P=0.05 per distance

and the sign of the test varied with distance).

Sensitivity analysis

We repeated the analysis described in the main manuscript with % hyphal colonization as response
variable. We had to transform the hyphal data (square root transformation; full model; Fig. S3) and
the stand coefficients we used in our regression (Fig. S4) to meet the assumptions of the analysis of
variance. In the full model we fitted the categorical parameter “stand” as a block factor. The
conclusions did not change compared to our main analysis where we used arbuscular colonization as

response variable (e.g., Notes S2; Fig. S4).

Notes S2: Detailed statistics

5$2.1 Model output — the two full models

Key to variables

species: categorical variable with eight levels describing the species used in the experiment.
AMwoody: categorical variable with two levels: "high" and "low" describing classification of stands (we
refer to this variable in the letter as “stand”).

standID: a categorical variable having a unique ID for each stand

1. Type of model: mixed effects linear model fitted with the command Ime

Response variable: % Arbuscular colonization

numDFdenDF F-value p-value

(Intercept) 1 27 104.53286 <.0001
species 7 27 5.91597 0.0003
AMwoody 1 27 6.74568 0.0150

# standID was fitted as a random effects parameter
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2. Type of model: general linear model

Response variable: % Hyphal colonization - sqrt transformed

Df SumSg Mean Sg F value Pr (>F)

species 7 96.301 13.7573 2.7094 0.02215 *
AMwoody 1 26.040 26.0397 5.1283 0.02933 *
standID 1 4.177 4.1773 0.8227 0.37011
Residuals 38 192.949 5.0776

5$2.2 Model diagnostics for the first model

Assumption of normality:

12 14

10

Freguency

residuals of model1 - distribution

Shapiro-Wilk normality test
W = 0.95825, p-value = 0.08578
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Assumption of homoscedasticity:

> levene.test (data$AC, data$species , kruskal.test=T)
rank-based (Kruskal-Wallis) Modified robust Brown-Forsythe Levene-type
test based on the absolute deviations from the median

data: data$AC

Test Statistic = 5.0291, p-value = 0.6564

> levene.test (data$SAC, data$stand, kruskal.test=T)
rank-based (Kruskal-Wallis) Modified robust Brown-Forsythe Levene-type
test based on the absolute deviations from the median

data: data$SAC

Test Statistic = 3.6412, p-value = 0.05637

S2.3 Model formulation and diagnostics when stands are used as experimental units

Model formulation:

basemodel<-1lme (AC~species, random=~1|standID, data=data)

anova (basemodel)

coeff<- (summary (basemodel)) Scoefficients[[2]]1[[1]]11[,1] # extract coefficients
# for random effects
# factor

modelO<-1m(coeff~log (myc))
modela<-gls (coeff~log(myc), correlation=corlLin (form=~long+lat), data=coords)
modelb<-gls (coeff~log(myc), correlation=corRatio(form=~long+lat), data=coords)
modelc<-gls (coeff~log(myc), correlation=corGaus (form=~long+lat), data=coords)
( ( )
( )

modeld<-gls (coeff~log(myc), correlation=corExp (form=~long+lat), data=coords)
modele<-gls (coeff~log(myc), correlation=corSpher (form=~longt+lat), data=coords)
AIC (model0, modela, modelb, modelc, modeld, modele) # assess which type

# of correction for
# spatial autocorrelation
# works best

> anova (model0) # best model statistics
Analysis of Variance Table

Response: coeff

Df Sum Sq Mean Sg F value Pr(>F)
log (myc) 1 0.031247 0.0312471 9.1911 0.01141 *
Residuals 11 0.037397 0.0033997

Signif. codes: 0 Y‘***’ (0.001 ‘**’ 0.01 '*’ 0.05 .7 0.1 " 1
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Assumption of normality:

Fregquency

| | | | |
-0.10 -0.05 0.00 0.05 0.10

residuals of model0 - distribution

> shapiro.test (resid(model0)) # assumption of normality
Shapiro-Wilk normality test

data: resid(modelO)

W = 0.97291, p-value = 0.9264
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Assumption of homoscedasticity:
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>levene.test (coeff, log(myc), kruskal.test=T)
rank-based (Kruskal-Wallis) Modified robust Brown-Forsythe Levene-type

test based on the absolute deviations from the median
data: coeff

Test Statistic = 12, p-value = 0.3636
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5$2.4 Model diagnostics for the second model

Assumption of normality:

o
=
m_
&

C 0 —
[iF]

-

o

@

—

L
'q-_
N_
D_

residuals

> shapiro.test (resid(model?2))
Shapiro-Wilk normality test

data: resid(model?2)

W = 0.96346, p-value = 0.1393
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Assumption of homoscedasticity:
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> levene.test (data$HC2, data$species, kruskal.test=T)
rank-based (Kruskal-Wallis) Modified robust Brown-Forsythe Levene-type
test based on the absolute deviations from the median

data: data$HC2

Test Statistic = 6.2823, p-value = 0.5072

> levene.test (data$SHC2, data$stand, kruskal.test=T)
rank-based (Kruskal-Wallis) Modified robust Brown-Forsythe Levene-type
test based on the absolute deviations from the median

data: data$HC2

Test Statistic = 0.51385, p-value = 0.4735

> levene.test (data$HC2, data$standID, kruskal.test=T)
rank-based (Kruskal-Wallis) Modified robust Brown-Forsythe Levene-type
test based on the absolute deviations from the median

data: data$HC2

Test Statistic = 5.711, p-value = 0.9299
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Appendix Il: Chapter 3

Figure S5 Schematic plan of the 255 m x 5 m plots labelled with study plot identity numbers (1-25) at the forest
site. Green squares indicate plots with high (= 15% AM plant cover) and brown squares indicate plots with low
(< 15% AM plant cover). White squares indicate plots where no root samples were collected. Root samples of
Hedera are labelled S1 (May 2017), S2 (September 2017), S3 (May 2018), and S4 (September 2018) on respective
plots; root samples of Euonymus collected in September 2018 only are noted. In general, two root samples from
each of two individuals were collected with a minimum distance of 50 cm between them. Exceptions where only

one individual was sampled, because no other plant was present, are indicated with an asterisk.
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Figure S6 Histogram depicting the classification threshold of 15% in relation to AM-host coverage across plots.
Plots with a relative coverage of AMF-associating woody species of over 15% were classified as high plots
whereas those with a relative coverage of AMF-associating woody species of below 15% as low. The plot with a
relative coverage of AMF-associating woody species of 64% was no outlier: That specific plot was only assayed
for Hedera at the fourth harvest and the two samples had AMF richness of 11 and 9 respectively (richness
estimates ranged between 4 and 17 OTUs per sample (median: 10 OTUs with the quartiles being 8 and 12).

Additionally, in the ordination plots there was nothing special about the clustering patterns of these two samples.
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Figure S7 Richness based on numbers of OTUs from each harvest across sampling plots. Green symbols represent
samples from high plots whereas brown represent low plots. A pink border was used for spring and a black border

for autumn. Triangles represent samples of Euonymus whereas circles those of Hedera.
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Figure S8 Principal component analysis of Hellinger transformed AMF community data with axis one explaining
13.5% of variability. Green points represent samples from high plots whereas brown represent low plots. A pink
border was used for spring and a black border for autumn. We used white “x” symbols to highlight samples taken
over the first year. Triangles represent samples of Euonymus whereas circles those of Hedera. In main text Fig.
4a we display axes two and three because after excluding the outlier on axis one the rescaled variances for the

three axes are 1.03% - axis 1, 7.84% - axis 2 and 6.88% - axis 3.
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Figure S9 Principal component analysis of Hellinger transformed AMF community data with axis one explaining
13.5% of variability (see Fig. S4) after the exclusion of outliers. Green points represent samples from high plots
whereas brown represent low plots. A pink border was used for spring and a black border for autumn. We used
white “x” symbols to highlight samples taken over the first year. Triangles represent samples of Euonymus
whereas circles those of Hedera. In main text Fig. 4a we display axes two and three because after excluding the
outlier in axis one the rescaled variances for the three axes are 1.03% - axis 1, 7.84% - axis 2 and 6.88% - axis 3.
The take home message of this figure is that with the outlier included, the scores on axis 1 are driven by that

outlier resulting in a strong correlation on that axis.
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Table S4 Visually assessed AMF-associating plant cover across the 25 plots presented in Fig. S1. We used a %
cover threshold of 15% to classify them into high and low plots (see Fig. S2). Roots were collected from 17 of the
25 plots. The four harvests took place on 31 May 2017, 27 September 2017, 31 May 2018 and 25 September
2018. We progressively made the harvests from plots where the two species had a high relative abundance. This

was done to avoid issues arising from the two plants becoming locally extinct.

L % cover classification harvests where sampling
pIOts‘i:’:hm of AM-associating AM plant cover Hedera helix was Euonymus europaea
woody plants sampled in 4th harvest
1 26 High 1-4 Yes
2 31 High 4 Yes
3 10 Low 1-4 Yes
4 1 Low NA Yes
6 6 Low 2-4 Yes
7 11 Low 4 Yes
8 5 Low 2-3 Yes
11 22 High 2-4 Yes
12 21 High 4 No
13 12 Low 1-4 No
15 1 Low 1 No
16 64 High 4 No
17 1 Low 1-4 Yes
18 2 Low 2-4 Yes
21 1 Low 3-4 No
22 26 High 1-4 No
24 2 Low 2,4 No
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Table S5 Soil pH (measured in 0.01lm CaCl,) and nutrient levels of phosphorus, potassium, calcium and
magnesium at the sampling site. Measurements were taken at three different soil depths by Wulf (1992). The
soil constitutes a humid to waterlogged pseudogley (Roeschmann, 1971). Because we worked at a relatively small

spatial scale we assumed soil characteristics to be consistent across plots.

Exchangeable P

soil depth pH K [mg/100g] Ca [mg/100g] Mg [mg/100g]
[mg/100g]
0-5cm 4.6 2.8 11.2 139.6 9.8
5-10cm 5.1 1.3 5.9 168.2 8.5
10-20cm 5.6 0.9 3.6 188.5 7.8
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Table S6 OTU ID information. We accepted OTUs as belonging to Glomeromycota when they had > 97.5 %

similarity and > 99 % coverage to entries in MaarjAM.

. . Total Query Max
OTUID Accession Description Max score E-value . .
score coverage identity

OTU5 HF568031 Glomeraceae Glomus Varela- 154 218 90.10% 5.20E-80 85.50%
Cerverol5 BG9

OTU6 HF568033 Glomeraceae Glomus Varela- 158 222 90.30% 2.50E-82 84.70%
Cerverol5 BG9

OTU11 HF568087 Glomeraceae Glomus Varela- 135 200 89.00% 5.10E-69 82.30%
Cerverol5 BG21

OTU14 LT723796 Glomeraceae Glomus sp. 34 34 15.70% 1.40E-10 82.90%
VTX00342

OTU19 JNO09464 Diversisporaceae 516 516 100.00% O 99.40%
Diversispora sp. VTX00380

OTU22 HF568033 Glomeraceae Glomus Varela- 158 222 90.30% 2.50E-82  84.70%
Cerverol5 BG9

OTU24 KC665641 Glomeraceae Glomus Lopez- 76 76 33.30% 6.80E-35  83.80%
Garcial4d Glo166

OTU26 HF568087 Glomeraceae Glomus Varela- 173 238 90.10% 5.20E-91 85.90%
Cerverol5 BG21

OTU27 LT723796 Glomeraceae Glomus sp. 34 34 15.70% 1.40E-10 82.90%
VTX00342

OTU28 KJ959950 Glomeraceae Glomus sp. 479 479 100.00% O 97.70%
VTX00219

OTU32 HF568038 Glomeraceae Glomus Varela- 169 228 87.60% 1.10E-88 85.40%
Cerverol5 BG9

OTU34 KC708365 Claroideoglomeraceae 427 427 100.00% O 94.70%
Claroideoglomus sp.
VTX00193
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OTU36

OTU37

0TU39

0TU41

0TU42

0TU45

oTU47

OTUS50

OTU52

OTU54

OTU55

OTUS58

OTUS59

OTU60

FN869852

HF568087

LT934587

HF568087

HF568058

HF568021

KC665641

HF568040

HF568040

KC665641

HF568087

HF568034

HF568038

FN429106

Archaeosporaceae
Archaeospora Aca VTX00338

Glomeraceae Glomus Varela-
Cerverol5 BG21

Glomeraceae Glomus sp.

Glomeraceae Glomus Varela-
Cerverol5 BG21

Glomeraceae Glomus Varela-
Cerverol5 BG13

Glomeraceae Glomus Varela-
Cerverol5 BG7

Glomeraceae Glomus Lopez-
Garciald Glo166

Glomeraceae Glomus Varela-
Cerverol5 BG9

Glomeraceae Glomus Varela-
Cerverol5 BG9

Glomeraceae Glomus Lopez-
Garciald Glo166

Glomeraceae Glomus Varela-
Cerverol5 BG21

Glomeraceae Glomus Varela-
Cerverol5 BG9

Glomeraceae Glomus Varela-
Cerverol5 BG9

Glomeraceae Glomus
VeGlo13 VTX00153

94

473

149

158

176

159

122

82

174

183

85

165

164

152

495

473

216

225

238

221

190

82

238

247

85

230

220

152

495

100.00%

91.50%

93.90%

89.40%

92.60%

87.00%

33.30%

86.50%

86.50%

33.30%

88.80%

87.90%

73.90%

100.00%

0

4.10E-77

2.50E-82

9.60E-93

6.60E-83

1.80E-61

2.40E-38

1.40E-91

8.70E-97

4.50E-40

2.20E-86

8.50E-86

7.40E-79

0

98.80%

83.70%

83.30%

85.80%

84.00%

81.50%

85.10%

87.70%

88.70%

85.80%

85.30%

84.80%

83.90%

98.30%
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OTU62 AB746997 Claroideoglomeraceae 435 435 100.00% O 94.30%
Claroideoglomus
Yoshimural3b Glo17

OTU63  JQ246044 Glomeraceae Glomus sp. 79 79 67.60% 1.30E-36 76.70%
VTX00359

OTU64 LT934587 Glomeraceae Glomus sp. 152 214 92.10% 7.50E-79 82.70%

OTU65 LN900648 Glomeraceae Glomus sp. 477 477 100.00% O 97.30%
VTX00096

OTU66  HF568040 Glomeraceae Glomus Varela- 166 227 87.00% 6.00E-87 87.50%

Cerverol5 BG9

OTU67 AJ854097 Archaeosporaceae 450 487 100.00% O 99.30%
Archaeospora sp. VTX00006

OTU70 EU417640 Glomeraceae Glomus 498 498 100.00% O 98.50%
Sciaphila ledermannii
symbiont VTX00166

OTU71 LN623488 Paraglomeraceae 125 195 87.60% 3.20E-63 81.40%
Paraglomus MO-P2
VTX00433

OTU72 LT983627 Glomeraceae Glomus SS-G1 248 313 91.20% 2.00E-134 92.30%
VTX00448

OTU73 LN827079 Glomeraceae Glomus sp. 466 466 100.00% O 96.90%
VTX00344

OTU74 HF568033 Glomeraceae Glomus Varela- 160 221 90.10% 1.70E-83 84.90%

Cerverol5 BG9

OTU75 HF569099 Gigasporaceae Scutellospora 140 205 91.50% 6.50E-72 82.30%
Varela-Cerverol5 BS2
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Notes S3 Defining stochasticity

The term stochasticity often has been used in the literature synonymously with variability (Shoemaker
et al., 2020). Shoemaker et al. (2020) propose narrowing the definition of stochasticity to processes
that can be represented in a probabilistic way defined by their parameters (e.g., mean, variance, and
skew) and those authors distinguish three forms of stochasticity: demographic stochasticity,
environmental stochasticity, and measurement error. Based on this definition it is possible that the
aggregate of community variance that is explained by deterministic processes and stochasticity falls
below 100%.

In our study we define stochasticity in relation to the proportion of variance that is not
explained by deterministic processes (i.e., deterministic processes and variance together explain 100%
of community variance). We do so because arbuscular mycorrhizal associations represent complex
systems which we do not understand sufficiently to effectively model processes such as demographic
stochasticity (priority effects and succession, for example, have been poorly defined for AMF systems)
which could have led us to seriously underestimate stochasticity. We thus describe stochasticity here
as the fraction of community variance that is not explained by deterministic processes (de Vrieze et
al., 2020).

To show a few examples of the proportion of stochasticity that authors often find in AMF
communities we carried out a literature search. We used the key words "deterministic" AND
"arbuscular" in the Web of Knowledge on 30 June 2020. The search yielded 9 results which we screened
for studies that contained figures on variance explained following a variance partitioning exercise.
There were four such studies, which we list below:

variance explained by

study

deterministic factors
Maciel Rabelo Pereira et al. 2020 Journal of Biogeography 9%
Rasmussen et al. 2018 New Phytologist, 7-25%

(Caruso 2018 New Phytologist Commentary)
Kohout et al. 2015 Molecular Ecology 39.3%
Dumbrell et al., 2010 ISME Journal 68.5%
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Notes S4: Limitations of existing multivariate techniques in addressing spatio-temporal designs and

how we addressed them

Most studies addressing the relative role of deterministic and stochastic processes in structuring
communities engage in variance partitioning with the aim to explain as much variance as possible (e.g.,
Horn et al., 2014). Accuracy of such estimates depends strongly on the degree to which the underlying
ordination model captures the experimental design. For example, assaying a plot at multiple instances
in time represents a violation of independence and potentially can be addressed through a repeated-
measures design in which case plot will be the unit of analysis (i.e., Subject) whereas time is the within-
subject factor (e.g., Palmer et al., 2008). Determining between-subject and within-subject sources of
variance is critical in the case of variance partitioning because through this step it becomes apparent
that each group will be compared against a unique fraction of unexplained variance (e.g., within-
subjects unexplained variance). Many of the studies addressing spatio-temporal designs, however,
incorrectly assume that iterative harvests of a single plot are independent of each other.

Even though there are several techniques to address spatial autocorrelation in ordination
analyses, to the best of our knowledge the only multivariate technique that works for temporal
constraints is that of Palmer et al. (2008), which was specifically proposed for split plot designs. To
minimize the assumptions of our analyses we plot our data with a PCA (i.e., meaning that we do not
propose any underlying model; main text Fig. 4a) and then calculate distributions of pairwise Bray-
Curtis distances (Fig. 4b). To back up our analysis we fit a redundancy analysis model (Notes S5) in
which we address temporal constraints by restricting permutations (and thus calculation of resulting
P values) to only be within plots. This approach may be an improvement compared to assuming full
independence.

Our study was subject to some limitations which we raise here. First, we did not assay soil
properties and assumed that the abiotic parameters throughout the site were homogenous. To this
end we included in our analysis spatial corrections which should have accounted for spatial
autocorrelations in soil properties. Second, to simultaneously address all factors we sacrificed the
number of levels we considered. We worked with two plant species over two years and two seasons.
Some of the results may be idiosyncratic because of this choice. Third, we only assayed two AM plant
species, which were those that showed sufficient abundance across the target forest site. One of them
(Euonymus) could only be collected at the last harvest. This was done because there were only a few
individuals of Euonymus in the forest site and their destructive harvest could modify meta-community
dynamics of AMF species. As a result, to a certain degree the variance that we allocated to plant species
was nested within the variance explained by season and year. To address this point, we only tested
spatio-temporal parameters for Hedera, and in the cases where we included Euonymus in analyses we

formulated the models we fitted so that there were several alternative ranks of predictors.
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Notes S5: Statistical analyses

Most of our statistics were descriptive. Ordination analyses were carried out after Hellinger
transforming community data (for example, main text Fig. 4a) to avoid distortions of distances in the
Euclidean space. To assay the distributions of Bray Curtis distances we randomly paired samples 9999
times (Fig. 4b). Relative abundance figures of AMF families were descriptive (Fig. 4c).

We carried out an Analysis of Variance on the RDA models that we fitted. The default settings
of the command anova.cca in R, test hierarchically the terms of the RDA/CCA models and yield
different results from when the predictors are fitted “simultaneously”. Additionally, the command
does not offer possibilities to fully distinguish between within-factor and between factors variability
(i.e., does not address repeated-measures designs). An alternative is to constrain permutations so that
they occur within the subjects of the analysis (i.e., here the plots), which we applied. To address that
our experimental design was not balanced and that predictors were fitted hierarchically we tested
alternative formulations of the models after changing the rank of the predictors. We additionally
included models with and without the predictor plant species. To address spatial constraints, we used
the Principal Coordinates of Neighbourhood Matrix (PCNM) approach to summarize space into three
spatial axes. The parameters year, spatial PCNM axes and plant species (in the cases when it was
included) were significant regardless of their rank in the models. Season was never significant, whereas

the predictor AM coverage was only occasionally significant. We attach specific results:

Redundancy Analysis Statistics

> anova (myrda, by="terms", permutations=9999, strata=as.factor(field$plot))
Permutation test for rda under reduced model

Terms added sequentially (first to last)

Blocks: strata

Permutation: free

Number of permutations: 9999

Model: rda(formula = data2 ~ AM coverage + year + season + plant species + PCNM1 + PCNM2 +
PCNM3, data = field, scale = T)

Df Variance F Pr (>F)
AM coverage 1 0.6071 1.5900 0.0002 ***
year 1 0.8247 2.1600 0.0009 ***
season 1 0.5360 1.4040 0.1974
plant species 1 0.5651 1.4801 0.0203 *
PCNM1 1 0.5948 1.5580 0.1529
PCNM2 1 0.5199 1.3616 0.5799
PCNM3 1 0.5720 1.4982 0.0351 *
Residual 78 29.7804
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*" 0.05 ‘.7 0.1 " 1
> anova (myrda, by="terms", permutations=9999, strata=as.factor(field$plot))

Permutation test for rda under reduced model
Terms added sequentially (first to last)
Blocks: strata

Permutation: free

Number of permutations: 9999
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Model: rda(formula = data2 ~ year + plant species + AM coverage + season + PCNM1 + PCNM2 +
PCNM3, data = field, scale = T)
Df Variance F Pr (>F)

year 1 0.7991 2.0929 0.0011 **
plant species 1 0.6027 1.5786 0.0132 *
AM coverage 1 0.6111 1.6005 0.1137
season 1 0.5200 1.3619 0.2276
PCNM1 1 0.5948 1.5580 0.1459
PCNM2 1 0.5199 1.3616 0.5852
PCNM3 1 0.5720 1.4982 0.0344 *
Residual 78 29.7804

Signif. codes: 0 Y‘***’ (0.001 ‘**’ 0.01 ‘*" 0.05 ‘.7 0.1 ' 1

> myrda<-rda (data2~yeart+season+AM coverage+PCNM1+PCNM2+PCNM3, data=field[1:71,], scale=T)
> anova (myrda, by="terms", permutations=9999, strata=as.factor (field$subplot) [1:71]
Permutation test for rda under reduced model

Terms added sequentially (first to last)

Blocks: strata

Permutation: free

Number of permutations: 9999

Model: rda(formula = data2 ~ year + season + AM coverage + PCNM1 + PCNM2 + PCNM3, data =
field([1:71, ], scale = T)

Df Variance F Pr (>F)

year 1 0.7230 1.5365 0.0364 *
season 1 0.5508 1.1706 0.3986
AM coverage 1 0.7495 1.5929 0.0459 *
PCNM1 1 0.7039 1.4961 0.6544
PCNM2 1 0.4805 1.0212 0.6495
PCNM3 1 0.6796 1.4445 0.0937
Residual 64 30.1127

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*" 0.05 ‘.7 0.1 ' 1

> anova (myrda, by="terms", permutations=9999, strata=as.factor(field$plot) [1:71])
Permutation test for rda under reduced model

Terms added sequentially (first to last)

Blocks: strata

Permutation: free

Number of permutations: 9999

Model: rda(formula = data2 ~ year + season + PCNM1 + PCNM2 + PCNM3 + AM coverage, data =
field[1:71, ], scale = T)

Df Variance F Pr (>F)
year 1 0.7230 1.5365 0.0338 *
season 1 0.5508 1.1706 0.4004
PCNM1 1 0.7231 1.5369 0.7505
PCNM2 1 0.4844 1.0294 0.1324
PCNM3 1 0.9037 1.9206 0.0587
AM coverage 1 0.5023 1.0676 0.9381
Residual 64 30.1127

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 '.” 0.1 ' 1

> anova (myrda, by="terms", permutations=9999, strata=as.factor (field$subplot) [1:71])
Permutation test for rda under reduced model

Terms added sequentially (first to last)

Blocks: strata

Permutation: free

Number of permutations: 9999
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Model: rda(formula = data2 ~ PCNM1 + PCNM2 + PCNM3 + AM coverage + season + year, data

field[1:71, ], scale = T)

Df Variance F Pr (>F)

PCNM1 1 0.7513 1.5968 0.0788
PCNM2 1 0.4173 0.8869 0.0788
PCNM3 1 0.8174 1.7372 0.0788
AM coverage 1 0.5426 1.1533 0.0788
season 1 0.5270 1.1201 0.4780
year 1 0.8316 1.7674 0.0321 *
Residual 64 30.1127

Signif. codes: 0 Y‘***’ 0.001 ‘**’ 0.01 ‘*’" 0.05 ‘.7 0.1 " 1

Repeated-measures ANOVA

> summary (aov (S~AM coverage+plant species+seasontyear+
Error (as.factor (subplot)/as.factor (sampling)), data=field))

Error: as.factor (subplot)
Df Sum Sg Mean Sqg F value Pr (>F)

AM_coverage 1 4.88 4.881 1.323 0.2725

plant species 1 12.50 12.501 3.388 0.0905

season 1 2.57 2.575 0.698 0.4198

year 1 20.35 20.346 5.515 0.0368 *

Residuals 12 44.27 3.689

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*" 0.05 '.” 0.1 ' 1

Error: as.factor (subplot) :as.factor (sampling)
Df Sum Sq Mean Sg F value Pr (>F)
plant species 1 51.06 51.06 7.281 0.0138 *

season 1 7.73 7.73 1.103 0.3062
year 1 4.21 4.21 0.601 0.4474
Residuals 20 140.25 7.01

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*" 0.05 ‘.7 0.1 " 1

Error: Within
Df Sum Sqg Mean Sq F value Pr (>F)
plant species 1 27.34 27.337 4.483 0.0398 *
Residuals 45 274.41 6.098
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 ¥ ' 1
Warning message:
In aov(S ~ AM coverage + plant species + season + year +
Error (as.factor (subplot) /as.factor (sampling)),
Error () model is singular

Indicator Species Analysis

> ind.sp = multipatt(data2, as.factor(pastel(as.factor(field$plant species),

as.factor (field$SAM coverage))), control = how(nperm=9999), max.order=2, restcomb=c(l:6,

Association function: Indval.g
Significance level (alpha): 0.05

Total number of species: 34

Selected number of species: 5

Number of species associated to 1 group: 2
Number of species associated to 2 groups: 3
Number of species associated to 3 groups: 0
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List of species associated to each combination:

Group Euonymus europaea #sps. 1
stat p.value
OTU70 0.826 2e-04 ***

Group Hedera helix #sps. 1
stat p.value
OTU19 0.644 0.0383 *

Group Euonymus europaea+Euonymus europaea #sps.

stat p.value
OTU2 0.854 0.0349 *

Group Hedera helix+Hedera helix #sps.
stat p.value
OTU8 0.904 0.0007 **x*
OTU13 0.880 0.0027 **

Signif. codes: 0 “***’ (0.001 ‘**’ 0.01

Y*70.05
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Supplementary information on Chapter 4a can be found at https://doi.org/10.1007/s00572-022-
01087-0
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Experiment One

Abbreviations in the code:
Treatment: categorical variable with three levels (low, intermediate and high connectance)
Distance: Categorical variable describing whether the pair of samples was proximal (“same”) to each

other or distant (“dif’) to each other

Test 5.1 Comprehensive analysis

> summary (aov (Jaccard~Treatment + Distance+ Error (save3$pair), data=save3 )) Error: save3$pair
Df Sum Sg Mean Sqg F value Pr (>F)

Treatment 2 0.00061 0.000305 0.034 0.966

Distance 1 0.00752 0.007521 0.845 0.385

Residuals 8 0.07122 0.008902

Error: Within
Df Sum Sg Mean Sqg F value Pr (>F)

Treatment 2 0.01106 0.005529 1.340 0.2714

Distance 1 0.02618 0.026177 6.342 0.0151 *

Residuals 49 0.20225 0.004128

Signif. codes: 0 Y***7 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.7 0.1 " 1

Test 5.2 Test between samples belonging to the “same” vs “different” patch
> t.test (save3$Jaccard[savel3$Distance=="dif"], save3$Jaccard|[save3$Distance=="same"])

Welch Two Sample t-test
data: save3$Jaccard[save3$Distance == "dif"] and save3$Jaccard[save3$Distance == "same"] t =
1.9085, df = 26.79, p-value = 0.0671
alternative hypothesis: true difference in means is not equal to 0

95 percent confidence interval:

-0.004040162 0.111055343

sample estimates:

mean of x mean of y

-0.2709194 -0.3244270

Experiment Two

Abbreviations in the code:
Treatment: categorical variable with three levels (low, intermediate and high connectance)
Distance: Categorical variable describing whether the pair of samples was proximal (“same”) to each

other or distant (“dif’) to each other

Test 6.1: Comprehensive analysis

> summary (aov (Jaccard~Treatment + Distance+ Error (save3$pair), data=save3 )) Error: save3$pair
Df Sum Sg Mean Sqg F value Pr (>F)

Treatment 2 0.01158 0.00579 0.176 0.842

Distance 1 0.00314 0.00314 0.096 0.765

Residuals 8 0.26295 0.03287
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Error: Within

Df Sum Sg Mean Sg F value Pr (>F)
Treatment 2 0.00425 0.002126 0.918 0.406
Distance 1 0.00490 0.004896 2.115 0.152

Residuals 49 0.11343 0.002315

Test 6.2: test between samples belonging to the “same” vs “different” patch

> t.test (save3$Jaccard[savel3$Distance=="dif"], save3$Jaccard|[save3$Distance=="same"])

Welch Two Sample t-test

data: save3$Jaccard[save3$Distance == "dif"] and save3$Jaccard[save3$Distance == "same"] t =
1.0821, df = 29.941, p-value = 0.2879
alternative hypothesis: true difference in means is not equal to 0

95 percent confidence interval:

-0.02376243 0.07731167

sample estimates:

mean of x mean of y

-0.3200010 -0.3467756

Experiment Three

Abbreviations in the code:
Treatment: categorical variable with three levels (“control”, “aggregated” and “overdispersed”)
Mypredictor: Categorical variable with three levels describing whether the pair of samples was from

fertilized habitats, unfertilized habitats or belonged to different habitats

Test 7.1: comprehensive test

> summary (aov (Jaccard ~ factor (save3$treatment) + factor (saveSmypredictor) + Error (save$pair)
))
Error: save3$pair
Df Sum Sg Mean Sqg F value Pr (>F)
treatment 2 0.1819 0.09095 1.756 0.194
mypredictor 2 0.0149 0.00743 0.143 0.867
Residuals 24 1.2430 0.05179
factor (save3$mypredictor)+ Error (save3S$pair) ))
Error: Within

Test 7.2: test exclusively between aggregated and overdispersed samples

> t.test (save3$Jaccard[savel3S$treamentt=="aggregated"],
save3$Jaccard[save3$treatment=="overdispersed"])

#### Note, this test is quite liberal because it does not discriminate between distances
within and between experimental units

Welch Two Sample t-test
data: Jaccard [save3$treatment == "aggregated"] and save3$ratio[save3$treatment ==
"overdispersed"] t = -2.0318, df = 144.03, p-value = 0.04401
alternative hypothesis: true difference in means is not equal to 0
95 percent confidence interval:
-0.0674768330 -0.0009298034
sample estimates:
mean of x mean of y
0.4921048 0.5263081
treatment
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mypredictor
Residuals
Df Sum Sg Mean Sq F value Pr (>F)
1 0.0037 0.003711 0.921 0.3385
2 0.0323 0.016133 4.002 0.0197 *
207 0.8345 0.004032
Signif. codes: 0 ‘***’/ (0.001 “**’ 0.01 ‘*’ 0.05 ‘.” 0.1 " 1
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