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SUMMARY

Mycorrhizas are of crucial importance for the organisation of terrestrial plants across all
hierarchical levels. The intimate interaction between plant roots and fungal hyphae is
mainly based on nutrient exchange. Plants predominantly gain phosphorus and nitrogen
from fungi and fungi gain photosynthates from plants. The great majority of described
plant species of almost all biomes is mycorrhizal and mycorrhizal fungi are considered as
the most abundant plant mutualists. Despite this close and ubiquitous relationship, the
symbiosis is rarely considered in plant ecology, which is partly based on experimental
limitations in jointly assessing both partners in controlled and especially under field
conditions. Hence, mycorrhizal ecology has experienced a strong focus on pot experiments
and molecular approaches. Due to the fields’ dominantly reductionist character, deepening
our knowledge of the co-variation of plants and their symbionts at larger scales remains
difficult and associated studies are rare. However, the availability of information regarding
mycorrhizal associations of a large number of plant species has increased recently. This
is accompanied by conceptualising plant mycorrhizal traits including plant mycorrhizal
status. Three groups of plant species can be distinguished according to their mycorrhizal
status: (1) obligate mycorrhizal plant species that are always found to be colonised by
mycorrhizal fungi, (2) facultative mycorrhizal plant species that are colonised under
some environmental conditions, but not colonised under others, and (3) non-mycorrhizal
plant species, which are never found to be colonised by mycorrhizal fungi. By utilising
this differentiation, the present thesis aims to investigate the effects of the mycorrhizal
symbiosis on plant distributions and alien plant invasions. For this purpose, I used
macroecological frameworks by linking a large spatial scale (the German country scale)
with large numbers of plant species represented by their mycorrhizal status as well as
other plant functional traits. First, I investigated whether plant species assemblages
are composed of different proportions of species regarding their mycorrhizal status.
Furthermore, I analysed if the variation of these proportions is linked to the geographical
variation of ecological and environmental conditions at the chosen spatial scale. Secondly,
I analysed whether the invasion success of alien plant species of the German flora is
influenced by their mycorrhizal status and whether certain trade-offs between plants’
mycorrhizal status and other functional plant traits related to morphology, reproduction,
dispersal and life-history are underlying the invasion success. Subsequently, I examined
whether alien plant species differ from native plant species regarding their mycorrhizal
associations and these potential trade-offs.

To the best of my knowledge the thesis provides the first evidence of spatial patterns
of plant assemblages differing in their proportions of obligate, facultative, and non-
mycorrhizal plant species at the chosen scale. The identified patterns resemble general
parts of the German topography, which emphasises the importance of including plant
mycorrhizal status into macroecological analyses of plant distributions at large spatial

1



scales. Moreover, the associated model shows that the assemblages of plants differing
in their mycorrhizal status can be linked to gradients of climate, geological parent
material, and land use. Large shares of obligatory mycorrhizal plant species are associated
with regions of high temperature and precipitation ranges, high mean temperatures,
large limestone and urban areas as well as small areas of mixed and coniferous forest.
Contrastingly, large non-mycorrhizal shares are associated with regions of low temperature
range and low values of mean precipitation. Furthermore, the thesis provides evidence that
plant mycorrhizal status helps explain the invasion success of alien plant species. Being
mycorrhizal promotes the invasion success of alien plants in Germany, with facultative
mycorrhizal species being the most wide-spread aliens. The results indicate that facultative
mycorrhizal species benefit from the ability to flexibly choose the potential plant property
to invest, e.g., carbon allocation to perpetuate the mycorrhizal symbiosis or to develop
storage organs or root and shoot metamorphoses. This implies that the mycorrhizal
flexibility acts as a competitive advantage compared to non-flexible plant species. In
native plant species, facultative mycorrhizal plants are the most wide-spread species
as well. Nevertheless, the detected trade-offs are only present in alien plant species
suggesting a different association with mycorrhizal fungi among both plant groups. This
suggests that native and alien plant species benefit differently from the symbiosis and
that the benefits of natives are independent of carbon allocation strategies. This adds an
important perspective to the ongoing debate in invasion ecology, as it is still discussed
whether being mycorrhizal is beneficial for the invasion success of alien plant species.

The thesis demonstrates that using plants’ mycorrhizal status is a reasonable and
valuable tool to incorporate the symbiosis to analyses of plant distribution and alien
plant invasions at large spatial scales. It shows that the mycorrhizal status is a useful
extension to the current set of typically used plant traits in plant ecology. Incorporating
mycorrhizal status accounts for the ubiquity of the symbiosis and creates a surplus in
understanding plant distributions, alien plant invasions, and plant community ecology
in general. The thesis’ macroscopic view enhances our knowledge of the co-variation of
plants and their mycorrhizal symbionts and complements the reductionist approaches in
plant mycorrhizal ecology. As small-scale studies are suitable to disentangle mycorrhizal
effects on plant physiology at the level of plant individuals, studies addressing larger
scales aim at relating the symbiosis to plant community and ecosystem functioning.
Therefore, studying higher hierarchical levels of plant organisations at large spatial scales
increases the likelihood that observations have greater relevance for answering questions
to uncover general principles of mycorrhizal functioning in the context of plant ecology.
Consequently, the present thesis encourages the use of plant mycorrhizal status (and
potentially related mycorrhizal traits) as straightforward and simple functional trait to
incorporate the mycorrhizal symbiosis to analyses of the abiotic and biotic processes
shaping large-scale plant distributions and compositions of plant communities.
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ZUSAMMENFASSUNG

Als Mykorrhiza bezeichnet man die zumeist symbiotische Verbindung von Pflanzenwurzeln
und Pilzhyphen. Die überwiegende Mehrheit aller beschriebenen Pflanzenarten nahezu
aller Biome geht eine solche Verbindung ein und Mykorrhizapilze gelten als weltweit
häufigste Pflanzenmutualisten. Die Mykorrhizierung ist daher von großer Bedeutung für
alle hierarchischen Ebenen der Organisation terrestrischer Pflanzen. Die enge Verbindung
zwischen beiden Partnern basiert zu großen Teilen auf dem Austausch von Nährstoffen.
Pflanzen erhalten im Besonderen Phosphor und Stickstoff, während sie im Austausch
Photosyntheseassimilate an Mykorrhizapilze abgeben. Innerhalb der Pflanzenökologie
findet die Symbiose, ungeachtet ihrer Allgegenwärtigkeit, bisher nur geringe Beachtung.
Die Gründe hierfür liegen zum Teil in experimentellen Beschränkungen, wenn beide
Partner gemeinsam unter kontrollierten und insbesondere unter natürlichen Bedingungen
untersucht werden. Daraus resultiert eine starke Fokussierung auf Gewächshausstudien
und molekulare Untersuchungen innerhalb mykorrhiza-ökologischer Forschung. Aufgrund
dieses vorherrschenden Reduktionismus ist das allgemeine Verständnis von großskaligen
Mustern und Prozessen hinsichtlich der Mykorrhizierung von Pflanzen limitiert und
entsprechende Studien sind selten. Die Verfügbarkeit von Daten bezüglich des Mykor-
rhizierungsverhaltens vieler Pflanzenarten hat sich innerhalb der letzten zehn Jahre
allerdings stark erhöht. Dies geht einher mit der Konzeption einer Pflanzenklassifizierung
anhand ihres Mykorrhizierungsverhaltens, beispielsweise ihres Mykorrhizierungstatus.
Drei Gruppen von Pflanzenarten können nach diesem unterschieden werden: (1) obligat
mykorrhizierte Arten, die permanent von Mykorrhizapilzen kolonisiert sind, (2) fakultativ
mykorrhizierte Arten, die unter bestimmten abiotischen und biotischen Bedingungen kolo-
nisiert sind, und (3) nicht mykorrhizierte Arten, die nie von Mykorrhizapilzen kolonisiert
sind. Das Ziel der vorliegenden Arbeit ist die Untersuchung des Einflusses der Symbiose
auf die Verbreitung von Pflanzen und die Invasion gebietsfremder Pflanzenarten basierend
auf dieser Einteilung. Zu diesem Zweck verknüpfe ich eine große räumliche Skala (die der
politischen Grenzen Deutschlands) mit einer großen Anzahl von Pflanzenarten, die durch
ihren Mykorrhizierungsstatus und andere funktionelle Eigenschaften repräsentiert werden.
Zunächst untersuche ich, ob sich die Zusammensetzung von Pflanzengemeinschaften aus
verschiedenen Anteilen von Pflanzenarten mit unterschiedlichem Mykorrhizierungsstatus
verändert und ob dies mit sich ändernden Umweltbedingungen und ökologischen Gege-
benheiten innerhalb der gewählten Skala korrespondiert. Darüber hinaus betrachte ich
die Abhängigkeit des Invasionserfolges gebietsfremder Pflanzenarten von ihrem Mykorrhi-
zierungsstatus und inwiefern Trade-offs zwischen Ausprägung des Mykorrhizierungsstatus
und anderen funktionellen Pflanzenmerkmalen hinsichtlich Morphologie, Ausbreitung
und Lebensstrategien dabei eine Rolle spielen. Abschließend analysiere ich inwieweit diese
potentiellen Trade-offs typische Eigenschaften gebietsfremder Pflanzenarten sind oder
auch bei einheimischen Arten auftreten.
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Die vorliegende Arbeit erbringt auf der Skala von Deutschland den Beweis für ausge-
prägte räumliche Muster der Zusammensetzung von Pflanzengemeinschaften hinsichtlich
des Mykorrhizierungsstatus der einzelnen Arten. Die identifizierten Muster geben dabei
die Topographie Deutschlands wieder und unterstreichen so die generelle Bedeutung des
Mykorrhizierungsstatus in makroökologischen Analysen von großskaligen Pflanzenver-
breitungen. Das zugehörige statistische Modell zeigt, dass die Zusammensetzung von
Pflanzengemeinschaften hinsichtlich Arten mit verschiedenem Mykorrhizierungsstatus
selbst innerhalb dieser Skala durch Klima-, Geologie- und Landnutzungsgradienten maß-
geblich erklärt werden kann. Hohe Anteile von obligat mykorrhizierten Arten finden
sich überwiegend in Regionen, die durch größere Unterschiede im Jahresgang bezüglich
Temperatur und Niederschlag, hohe mittlere Jahrestemperatur, einen großen Anteil an
Misch- und Nadelwäldern, sowie durch einen hohen Anteil an Kalk als Ausgangsgestein
charakterisiert sind. Hohe Anteile von nicht mykorrhizierten Arten finden sich dagegen in
Regionen mit geringerem Jahresniederschlag und gemäßigten Temperaturunterschieden
im Jahresgang. Dies erweitert das allgemeine Verständnis der Verbreitung beider Sym-
bionten sowie der Verbindung von Mykorrhizierung und Umweltparametern innerhalb
dieser Skala. Darüber hinaus macht die Dissertation die große Bedeutung des Mykorrhi-
zierungsstatus für den Invasionserfolg gebietsfremder Pflanzenarten deutlich. Insgesamt
haben mykorrhizierte Arten einen größeren Invasionserfolg als nicht-mykorrhizierte, wobei
dieser bei fakultativ mykorrhizierten Arten am größten ist. Die Flexibilität in Bezug auf
Mykorrhizierung ist dabei ein Konkurrenzvorteil gegenüber unflexiblen Pflanzenarten.
Fakultativ mykorrhizierte, gebietsfremde Arten profitieren davon, situativ Photosynthese-
assimilate an die Aufrechterhaltung der Mykorrhizierung oder in andere Pflanzenorgane
wie Speicherorgane oder Spross- und Wurzelmetamorphosen allozieren zu können. Auch
bei einheimischen Arten sind die fakultativ mykorrhizierten Pflanzenarten diejenigen,
die über das größte Areal innerhalb Deutschlands verbreitet sind. Allerdings findet man
die beschriebenen Trade-offs tatsächlich nur bei gebietsfremden, nicht aber bei einhei-
mischen Arten. Dies deutet zum einen darauf hin, dass sich beide Pflanzengruppen in
ihrer Verbindung mit Mykorrhizapilzen unterscheiden und zum anderen, dass einheimi-
sche Arten in einer Weise von Mykorrhizierung profitieren, die unabhängig von solchen
Verteilungsstrategien ist. Dies ist ein wichtiger Beitrag zum aktuellen Forschungsstand,
da noch immer zur Diskussion steht, ob gebietsfremde Pflanzenarten in anderer Weise
mit Mykorrhizapilzen verbunden sind als einheimische oder nicht.
Die vorliegende Dissertation zeigt zusammenfassend, dass die Einführung des My-

korrhizierungsstatus von Pflanzen in großskalige Studien mit einer großen Anzahl von
Arten einen begründeten und wichtigen Zugewinn für das Verständnis von Pflanzen-
verbreitungen und dem Invasionserfolg gebietsfremder Arten bietet. Dies gilt auch im
Hinblick auf die aktuell überwiegend genutzten funktionellen Pflanzeneigenschaften, zu
denen der Mykorrhizierungsstatus eine sinnvolle Ergänzung darstellt. So kann zukünf-
tig die Allgegenwärtigkeit der Symbiose und ihr Einfluss auf die Zusammensetzung
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von Pflanzengemeinschaften in merkmalsbasierten Analysen berücksichtigt werden. Der
makroskopische Blickwinkel der vorliegenden Arbeit ist ein wichtiger Beitrag zur Erweite-
rung des Verständnisses der gegenseitigen Beeinflussung der Symbionten und ergänzt die
vorherrschenden reduktionistischen Ansätze in mykorrhiza-ökologischen Studien. Wäh-
rend kleinskalige Untersuchungen geeignet sind um die Effekte von Mykorrhizierung auf
die Physiologie einzelner Pflanzenindividuen zu ergründen, sind Untersuchungen großer
Skalen besser dazu geeignet, die Symbiose mit ganzheitlichen Ökosystemfunktionen zu
verknüpfen. Mit der Betrachtung von solch größeren Skalen und höheren Ebenen der
Pflanzenorganisation ergibt sich somit die Möglichkeit, generelle Grundsätze bezüglich
der Rolle von Mykorrhizierung für die Ökologie von Pflanzen aufzudecken. Die vorliegende
Arbeit hebt dabei den Mykorrhizierungsstatus als wichtige Charakteristik der Symbiose
zwischen Pflanzen und Mykorrhizapilzen hervor und zeigt somit eine Möglichkeit auf,
diese Symbiose als Pflanzeneigenschaft in derartige Analysen aufzunehmen.
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CHAPTER 1

GENERAL INTRODUCTION



CHAPTER 1: General Introduction

The importance of mycorrhizal symbioses in plant ecology

Mycorrhizas are of crucial importance for the organisation of terrestrial plants across all
hierarchical levels, finally affecting ecosystems as a whole (Read, 1991; Smith and Read,
2008). The symbiosis is predominantly based on the mutual exchange of nutrients. While
fungi gain carbon from plants, nutrients transferred from fungi to plants via external
hyphae mainly include soil-derived phosphorus and nitrogen (but also trace elements;
Smith and Smith, 2011a; van der Heijden et al., 2015). The symbiotic relationship between
terrestrial plant roots and mycorrhizal fungi (MF) is of ancient origin and co-evolved in
continuous interaction with their abiotic and biotic environment over at least 450 million
years (Simon et al., 1993; Redecker et al., 2000). MF are considered as the most abundant
plant mutualists and have been highlighted as keystone symbionts (O’Neill et al., 1991).
Being mycorrhizal is the condition of the large majority of vascular plants under most
ecological conditions on earth (Brundrett, 2009); being non-mycorrhizal is the exception.
The unique position of the mycorrhizal symbiosis has been perfectly emphasised by the
committee of the International Bank of Glomeromycota (1993): “The study of plants
without mycorrhiza is a study of artefacts; the majority of plants, strictly speaking, do
not have roots - they have mycorrhizas.”

Several types of mycorrhizas are distinguished (Table 1). While arbuscular mycorrhizas
are formed by plant species across all phyla and biomes (Treseder and Cross, 2006;
Smith and Read, 2008) and dominate phosphorus-limited vegetation on mineral soils
at lower latitudes, ectomycorrhizas are mainly developed by trees in temperate and
boreal regions with low concentrations of inorganic nitrogen in the soil (Aerts, 2002).
Additionally, there are two types of mycorrhizas that are specialised to a greater extent:
ericoid mycorrhizas are the dominant type in most heathland ecosystems, while orchid
mycorrhizas are formed by the highly diverse plant family Orchidaceae. All members
of this plant family share the nature of being depend on the provision of nutrients by
MF during early seedling development (Smith and Read, 2008). Roughly 10% of plant
species are described as non-mycorrhizal, a condition that presumably evolved several
times and which occurs among mosses, ferns as well as distantly related families of angio-
sperms, predominantly Brassicaceae, Caryophyllaceae, and Cyperaceae. Several factors
may have led to the loss of mycorrhizal dependency: adaptation to aquatic habitats,
or growth in nutrient rich, extremely nutrient poor or disturbed environments (Smith
and Read, 2008). Non-mycorrhizal plant species are still most abundant in habitats
with these characteristics (Lambers and Teste, 2013) and utilise alternative nutritional
strategies such as parasitism, carnivory or the formation of cluster roots (Brundrett, 2009).
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Table 1: Types of mycorrhizas with estimated numbers of associated plant and fungal species (modified from van der Heijden et al., 2015).

Mycorrhizal type Major group of plant symbionts Number of plant species
hosting mycorrhizal fungi Fungal identity Estimated number

of fungal taxa

Arbuscular
mycorrhiza

Most herbs, grasses, and many
trees, many hornworts, and
liverworts

200000 Glomeromycota 250-350a

Ectomycorrhiza

Pinaceae and primarily
angiosperms (mostly shrubs and
trees) of temperate regions, some
liverworts

6000 Basidiomycota and
Ascomycota 20000

Orchid
mycorrhiza Orchids 20000-35000 Basidiomycota 25000

Ericoid
mycorrhiza

Members of the Ericaceae, some
liverworts 3900 Mainly Ascomycota,

some Basidiomycota >150

Non-mycorrhizal
plant species

Brassicaceae, Caryophyllaceae,
Crassulaceae, Cyperaceae,
Orobanchaceae, etc.

51500 - -

aSee Kivlin et al. (2011) for alternative estimates of numbers of arbuscular mycorrhizal fungal taxa (up to ~1400 species).
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The arbuscular mycorrhizal symbiosis holds an exceptional position within the different
types of mycorrhiza. Arbuscular mycorrhizal fungi (AMF) are assumed to have the
longest possible joint history with terrestrial plants, as they supposedly enabled vascular
plants to conquer terrestrial habitats (Pirozynski and Malloch, 1975; Brundrett, 2002;
Wang and Qiu, 2006). Today about 80% of all described plant species are potential
hosts for a comparatively low number of ca. 250 morphospecies (Redecker et al., 2013;
Schüßler, 2016) and 350 identified molecular species of AMF (Öpik et al., 2013). All
of these species are assigned to the phylum Glomeromycota (Schüßler et al., 2001) and
show a low degree of endemism even across continents (Davison et al., 2015). Even if we
consider the biological species concept to be inappropriate for classification of the clonal
and asexual AMF (Smith and Read, 2008), the number of species will not reach the
magnitude of the number of plant species, suggesting a low specificity of the symbiosis
and high functional redundancy of AMF (Klironomos et al., 2000). Generally, AMF
have relatively limited and ineffective dispersal mechanisms (Smith and Read, 2008)
and therefore benefit from such a low specificity towards plant hosts, enabling them
to access photosynthates from a wide range of host species. Overall, the pronounced
intimate character of the AMF-plant-relationship advances the interest on arbuscular
mycorrhizas in plant ecology. Therefore, the arbuscular mycorrhizal symbiosis is a focal
point in studies investigating mycorrhizal ecology and will also be the main focus of
the present thesis. From a plant’s perspective, the arbuscular mycorrhizal symbiosis has
been shown to increase water availability (Augé, 2001; Jayne and Quigley, 2014), to
enhance biomass productivity (Klironomos et al., 2000; Lekberg and Koide, 2005), to
provide soil health by regulating soil conditions (Rillig and Mummey, 2006; Bender et al.,
2015), and to offer pathogen protection (Newsham et al., 1995; Veresoglou and Rillig,
2012) as well as protection against heavy metals (Hildebrandt et al., 2007). Besides the
relationship of AMF to individual plants, several studies demonstrated their influence on
plant communities (van der Heijden et al., 1998; Hartnett and Wilson, 2002; Klironomos
et al., 2011), plant populations (Koide and Dickie, 2002), and whole ecosystems (Kivlin
et al., 2011; Johnson et al., 2012; Yang et al., 2014).

Despite the dependence of plants on MF has been reported for more than one century
(Frank and Trappe, 2005), soil processes in general as well as the mycorrhizal symbiosis
in particular are still rarely considered in plant ecology (Fitter, 2005; Öpik et al., 2014).
This is partly caused by the disconnected history of soil sciences and plant ecology, but is
also induced by several other obstacles when studying mycorrhizas: (1) While plants are
easily counted and measured under field conditions, measurements of fungal communities
are laborious (Bever et al., 2001). AMF are rather cryptic organisms that are hard to
detect (Krüger et al., 2012). They complete their life-cycle belowground and as obligate
symbionts this is closely linked to plant hosts, which makes solitarily cultivation of AMF
rather difficult (Hildebrandt et al., 2002; Smith and Read, 2008). Moreover, natural
communities of AMF are mostly composed of uncultured taxa (Ohsowski et al., 2014) and
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it remains unknown whether these fungi functionally differ from cultivated ones (van der
Heijden et al., 2015). (2) Studying both symbionts together is as elusive as studying them
separately and particularly complex under field conditions (Klironomos et al., 2011).
Although the global diversity of AMF species may be low, local species richness can be
comparatively high, e.g., Oehl et al. (2010) found up to 30 fungal species together with 50
plant species at field sites of minor land-use intensity. Due to the widespread occurrence of
mycorrhizas, non-mycorrhizal control sites are rare under field conditions but necessary to
satisfy sound experimental designs. As yet, no completely satisfactory ’fungal-free’ control
treatments could be established in field experiments, as commonly applied fungicides are
not MF-specific (Hartnett and Wilson, 2002). Consequently, these experiments cannot
differentiate between the effects of MF reduction and other susceptible groups, such as
plant pathogens or saprotrophs (Smith and Read, 2008). Furthermore, dual symbioses
are possible (Smith and Read, 2008) and plant individuals (even of different species)
may be connected via common mycelial networks (Barto et al. 2012). Additionally, it
is suggested that mycorrhizas are not solely mutualistic but rather form a continuum
from mutualism to parasitism (Johnson et al., 1997; Klironomos, 2003). Overall, the
two symbiotic partners do not only mutually influence each other but are rather linked
to a broad spectrum of interacting biotic and abiotic factors. All this lead to a strong
focus on molecular studies paired with a rapid enhancement of molecular techniques
(Martin et al., 2008, 2011; Lindahl et al., 2013; Oldroyd, 2013; Plett et al., 2014) as
well as the common utilisation of pot and microcosm experiments (Read, 2002). These
approaches undoubtedly promoted the knowledge on mycorrhizal ecology so far, still
it remains uncertain whether they reassemble natural conditions. As (controlled) field
experiments are limited and a disentanglement of the manifold drivers of the symbiosis
is complex, studies of the co-variation of plants and their associated MF (and thereby
variation of importance of the mycorrhizal symbiosis) are challenging, particularly when
focussing on the variation at larger scales.

Macroecology of the mycorrhizal symbiosis

Although researchers are conducting macroecological studies for a long time (e.g., Lutz
1921; Preston 1948; MacArthur 1972) the term itself was just coined in 1989 (Brown
and Maurer, 1989). Since then, macroecology has become an established subdiscipline of
ecology. It aims at uncovering general patterns and mechanisms of ’ecological particles’
(Brown, 1995) that emerge with large sample sizes, usually (but not exclusively) at
large spatial or temporal scales. Typically, these ’ecological particles’ are species but can
also include populations, traits or other kinds of genetic or ecophysiological information.
Macroecology is a rather method-based and non-experimental discipline with a main
focus on ecological questions concerning the richness, abundance, and diversity of its
study objects. The rapid establishment of macroecology as an independent discipline
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was therefore highly promoted by the availability of larger data sets (species distribution
data, e.g., Atlas of European Breeding Birds - Hagemeijer and Blair, 1997, Atlas Florae
Europaeae - Lahti and Lampinen, 1999; trait data, e.g., TRY - Kattge et al., 2011;
climate data, e.g., CliMond - Kriticos et al., 2012; biodiversity data, e.g., GBIF, 2016)
and strong advancements in computer technology and statistical methods (Blackburn,
2004; Dormann et al., 2007; Chave, 2013). Additionally, the societal and scientific interest
in understanding patterns and processes at larger scales (up to global scales) fundamentally
increased during the past decades, as more and more processes like climate and land-use
change, habitat fragmentation, urbanisation, and the loss of biodiversity were found to
(inter)act at these scales (Sala et al., 2000; Ellis and Ramankutty, 2008; IPCC, 2013).
Certainly, macroecology has by far extended its original scope of dealing with “the
division of food and space among species on continents” (Brown and Maurer, 1989)
as well as exclusively describing patterns (Kühn et al., 2008; Smith et al., 2008; Beck
et al., 2012). Macroecological frameworks developed general theories that for example
emphasise the importance of metabolism in driving processes from cells to the entire
biosphere (Metabolic Scaling Theory; West et al. 1997; Brown et al. 2004) or explain the
assembly of ecological communities as a stochastic process involving species of the same
trophic levels that are similar in their rates of dispersal, speciation, death, and birth
(The Unified Neutral Theory of Biodiversity and Biogeography; Hubbell, 2001).

Brown (1995) saw the development of macroecology as a holistic counterbalance to
the reductionist approaches increasingly used in plant ecology during the 1990s. He
also emphasised the benefits of analyses of large-scale patterns as an important and
fruitful extension to field and lab experiments on smaller scales. A macroecology of
the mycorrhizal symbiosis, which might ignore fine-scaled details, may similarly help to
overcome some of the experimental restrictions of field studies, especially across landscapes
and geographical ranges. Certainly, macroecological and reductionist approaches are
both valuable and can jointly increase the understanding of the symbiosis’ ecology,
combining a small-scale ’bottom-up’ and a large-scale ’top-down’ approach (Blackburn
and Gaston, 2003). Even though there has been a growing scientific interest in the
macroecology of MF themselves (Treseder and Cross, 2006; Öpik et al., 2006, 2010, 2013;
Davison et al., 2015), our understanding of the co-variation of plants and their associated
MF at larger scales remains limited, leaving the potential of MF in determining plant
distribution lie idle (Moora et al., 2011). Over the last ten years, comprehensive data sets
of plants and whether they form mycorrhizal associations have been published (Wang
and Qiu, 2006; Akhmetzhanova et al., 2012; Hempel et al., 2013). At the same time,
distributions of plant species are relatively well studied and this provides an opportunity
to study the co-variation of the mycorrhizal symbionts in macroecological frameworks.
The present thesis aims at initiating such a plant mycorrhizal macroecology by crossing
information on mycorrhizal associations of Central European plant species (Hempel
et al., 2013) with information on their distribution at the German country scale obtained

12



from FLORKART (provided by the German Federal Agency for Nature Conservation;
http://www.floraweb.de), probably representing one of the best-studied regional floras
worldwide.

Mycorrhizal traits in functional plant ecology

Plant ecologists classified plants by their characteristics early on (Schimper, 1903; Grime,
1974). However, with the beginning of this century, community ecology has experienced
a so far lasting shift from focussing on species identities to focussing on species traits.
Thereby, community ecologists aim at generality and predictability in explaining processes
of community composition and ecosystem functioning (Lavorel and Garnier, 2002; McGill
et al., 2006; Westoby and Wright, 2006). Traits are defined as “any morphological,
physiological or phenological feature measurable at the individual level, from the cell
to the whole-organism level, without reference to the environment or any other level of
organisation” (Violle et al., 2007, p. 882). Furthermore, a functional trait is “any trait
which impacts fitness indirectly via its effects on growth, reproduction, and survival”
(Violle et al., 2007, p. 882). The functional trait approach has been extensively developed
in plant ecology and benefited from the establishment of standardised protocols and
methodologies (Cornelissen et al., 2003; Pérez-Harguindeguy et al., 2013). One of the
advantages of using traits as entities of interest is the progress of moving from the idea
of a community as filtered set of a species pool, to studying the actual filtering processes
(Shipley et al., 2006; Knapp and Kühn, 2012; Laughlin et al., 2012). Next to addressing
the functional composition and assembly of plant communities, trait information can
be incorporated into models to describe species distributions in terms of environmental
gradients (Bernhardt-Römermann et al., 2008; Dray and Legendre, 2008; Jamil et al.,
2013). Facing global changes, this has led to a call for using functional traits at even
larger scales to study, understand, and possibly predict changes in plant communities
(and higher organisational levels) as well as their ecosystem functioning (Díaz et al., 2004;
Violle et al., 2014).

Only a few plant mycorrhizal traits have been described so far, but have mostly
been neglected in plant ecology (Moora, 2014). After establishing the manifold effects
of mycorrhizas onto plants, these traits are certainly all covered by the definition of
functional traits. Therefore, they are a promising tool for synthetic approaches studying
the mycorrhizal symbiosis, which potentially identify relationships between mycorrhizal
traits and life-history traits, habitat preferences, and distribution patterns of plant species
(Moora, 2014). Plant mycorrhizal traits can be distinguished as follows (Moora, 2014): (1)
mycorrhizal type - plant species are classified according to the mycorrhizal symbiosis they
are part of (cf. Table 1), (2) mycorrhizal dependency - describes plant species’ growth
response under mycorrhizal colonisation, (3) mycorrhizal flexibility - depicts the ability of
plant species to grow either (a) with or without mycorrhiza (mycorrhizal status OM or
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NM, see below) or (b) can flexibly do both (status FM, see below). (4) The basis of each
analysis in this thesis will be the mycorrhizal status of plant species in Germany obtained
from the MycoFlor data base (Hempel et al. 2013). Three groups of plant species can
be distinguished according to their mycorrhizal status: (a) obligate plant species (OM)
that are always found to be colonised by MF, (b) facultative plant species (FM) that
are colonised under some environmental conditions, but not colonised under others, and
(c) non-mycorrhizal plant species (NM), which are never found to be colonised by MF
(Smith and Read, 2008; Moora, 2014). It is important to note that the plant mycorrhizal
status does not give direct information on the functional significance of mycorrhizal
colonisation of a given species’ individuals at a specific location. It rather refers to the
mere presence/absence of fungal colonisation and can be used as a proxy for the potential
importance of mycorrhizal symbiosis for plants at species level. It hence is a functional
trait of a plant species rather than depicting the fungal characteristics.
The reasons for sporadic mycorrhizal colonisation, i.e., mycorrhizal flexibility and

the underlying regulatory processes in FM plant species are poorly understood. Plants
usually have reduced levels of root colonisation in highly fertile soils or in environments
of low light intensities and low carbon availability, which demonstrates that certain
plant species are able to regulate the symbiosis under varying conditions (van der
Heijden et al., 2015). This is especially true in arbuscular mycorrhizas, as AMF are
obligatory dependent on their plant hosts. As the symbiotic partners exchange goods, the
symbiosis has been described as a biological market (Selosse and Rousset, 2011). However,
considering the existence of common mycelial networks (Barto et al., 2012), as well as the
described mutualism-parasitism continuum (Johnson et al., 1997), this description may
be inappropriate to model the symbiosis (Grman et al., 2012). Nevertheless, if species
differ in their ability to grow with and without MF and to reduce their allocation to
non-beneficial AMF, these differences may affect the distribution and abundance of plants
(Grman, 2012). This may finally affect the set of traits characterising FM plant species.
In fact, plant traits are not independent of each other, but vary and correlate jointly
due to environmental conditions, evolutionary history, and biophysical constraints or
trade-offs in the allocation of matter and energy (Figure 1; Reich et al. 2003; Westoby
and Wright 2006; Díaz et al. 2016). Following that, trait interactions have been shown to
allow implications of underlying ecological strategies (Küster et al., 2008). As already
presented, the mycorrhizal symbiosis potentially affects the nutrient uptake and carbon
economy of plant species (van der Heijden et al., 2015). Depending on mycorrhizal type,
up to 90% of the plant’s phosphorus as well as a significant amount of its nitrogen uptake
can be attributed to MF (Hobbie and Hobbie, 2008; Smith and Smith, 2011a). In turn,
they consume up to 50% of a plant’s net primary production (Hobbie and Hobbie, 2008).
Thus, trade-offs between mycorrhizal status and the expression of other plant traits,
particularly those that require further plant investment, can be expected (Peat and Fitter,
1993; Reinhart et al., 2012). Grman (2012) suggests that storage organs and retention of
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the mycorrhizal symbiosis may represent competing carbon sinks and therefore different
ecological strategies, in which FM plants hold the advantage of the ability to choose the
strategy or property they invest in. Plant species were shown to be colonised by AMF at
a lower rate, if they acquire patchily distributed nutrients via clonal growth instead of
mycorrhizal colonisation (Onipchenko and Zobel, 2000). Moreover, it has been suggested
that vegetative and reproductive characteristics of plants change with AMF association
(Philip et al., 2001; Varga, 2010); with non-mycorrhizal species producing smaller seeds
(Peat and Fitter, 1993). Further, plant species with thick and slow-growing roots, which
are abundantly covered by root hair, are known to rely considerably more on MF than
plants with fine, and fast-growing ones, covered by less root hair (Baylis, 1970; Hetrick
et al., 1992; Peat and Fitter, 1993; McCormack et al., 2014). Moreover, plant species
with tap root architecture were reported to be more dependent on the symbiosis than
plants with fibrous root systems (Yang et al., 2015). This indicates that highly branched
roots and retention of the symbiosis may be alternative strategies for absorbing nutrients
(Wilson and Hartnett, 1998).

Shipley 1989) and dominance in a forest canopy, though sev-
eral trade-offs for achieving a tall canopy exist (Givnish
1995). Maximum height at maturity, the speed at which maxi-
mum height is attained, and the length of time a species
maintains its maximum height all have costs and benefits
(Westoby et al. 2002), which implies that the functional
aspects of plant height may be multidimensional (Fig. 1).
Seeds vary in their ability to disperse away from the parent

plant, successfully germinate and become established seed-
lings (Grubb 1977). There is a fundamental trade-off between
seed size and total seed output (Westoby et al. 2002), and the
large variety of seed sizes and shapes are indicative of the
range of regeneration strategies in plants. Recent studies indi-
cate that seed mass reflects a trade-off between stress toler-
ance and fecundity rather than one between competition and
colonization (Muller-Landau 2010; L€onnberg & Eriksson
2013). Seed mass and seed shape influence persistence in the
seed bank (Thompson, Band & Hodgson 1993; Moles, Hod-
son & Webb 2000), and these properties are uncorrelated,
suggesting that seed traits are multidimensional (Fig. 1).
Stems provide structural support in the gravity-laden terres-

trial environment, and they transport water, nutrients and sug-
ars, and they can be important for defence and storage. Stem
density (i.e. specific gravity) is an important property of plant
stems that represents a trade-off between the efficiency of
hydraulic conductivity and resistance to drought- or freezing-
induced cavitation (Hacke et al. 2001; Baas et al. 2004). It
also reflects a trade-off between growth rate and survival
(Wright et al. 2010). Chave et al. (2009) discuss other
aspects of wood density, such as resistance to decay, storage
capacity and mechanical strength. Bark thickness is another
important stem trait important to defence against fire, pests

and pathogens (Paine et al. 2010). Given this multifaceted
nature of plant stems, stem traits may be multidimensional
(Fig. 1).
Roots are perhaps the most mysterious of plants organs

(Ryser 2006), but our understanding of root function is rap-
idly improving (Eshel & Beeckman 2013). Given the logisti-
cal difficulty of measuring root traits in the field on a large
pool of species, roots have often been left off core lists of
important plant traits (Weiher et al. 1999; Westoby et al.
2002). Root traits such as specific root length or tissue den-
sity may represent a trade-off between growth rate and life
span and will influence the plant’s ability to proliferate fine
absorptive roots into nutrient-rich patches. Properties of
coarse (large) roots are likely aligned with wood traits (Fort-
unel, Fine & Baraloto 2012), but evidence is mixed as to
whether fine root traits are independent of leaf traits (Craine
& Lee 2003; Tjoelker et al. 2005; Laughlin et al. 2010), or
whether leaves and roots are functionally coordinated reflect-
ing a ‘whole-plant economics spectrum’ (Freschet et al. 2010;
P�erez-Ramos et al. 2012). Root tissue density and specific
root length of fine roots appear to not be strongly intercorre-
lated, indicating that root functions may be multidimensional
(Fig. 1).
Flowering phenology is a key component of plant function.

Compared to leaf, stem, root and seed traits, the timing of
flowering has not been widely discussed as an important trait
for community ecology, despite the fact that onset of flower-
ing was included in the short list of core traits by Weiher
et al. (1999). Flowering onset and duration (or, more gener-
ally, the timing of pollination) are influenced by environmen-
tal conditions and developmental regulation (Mouradov,
Cremer & Coupland 2002) and affect plant interactions with

Fig. 1. Seven plant organs or whole-plant
properties and their functional significance.
Known statistical relationships among each
circle are illustrated by black arrows, and
weaker relationships are shown as grey
dashed arrows. The strength of all these
relationships among a set of plants
determines the intrinsic dimensionality of
plant traits.

© 2013 The Author. Journal of Ecology © 2013 British Ecological Society, Journal of Ecology, 102, 186–193
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Figure 1: Scheme of plant organs or whole plant properties and their interrelations. Known
verified relationships between circles are illustrated by black solid arrows; weaker relationships
are shown as grey dashed arrows. The importance of the mycorrhizal symbiosis is insistently
emphasised, if we are aware of the fact that roots of the great majority of described plant
species are affected by MF, and therefore substitute ’Roots’ with ’Mycorrhizas’ in this scheme
(modified from Laughlin, 2014).

Mycorrhizas and alien plant invasion

Due to the current process of globalisation, species easily surmount biogeographical
barriers that prevented them from extending their natural distribution ranges in the past
(Mack et al., 2000; Pyšek et al., 2010; van Kleunen et al., 2015). Undoubtedly, species
experience a much faster pace of spread along transit pathways of global markets and
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travel than they have ever had historically (Hulme, 2009; Pyšek et al., 2010; Seebens
et al., 2015). Due to the anthropogenic interferences on a global scale, species (no matter
if native or unintentionally or intentionally introduced) are now co-occurring, which
would have not been the case without these interferences (Mack et al., 2000; Hobbs
et al., 2006). Although research on biological invasions has a long tradition (Darwin,
1859; Elton, 1958), the threats that the introduction of alien and invasive species bear
for global biodiversity have not been identified much before the 1990s (Drake et al., 1989;
Sala et al., 2000). With increasing concern about invasive alien plant species’ effects on
native plant species, communities, ecosystems as well as their economic consequences
(Vilà et al., 2010, 2011; Simberloff et al., 2013), the common interest in studying processes
underlying successful invasion has highly increased. Although a large body of theories
has been developed and general principles have been established (Catford et al., 2009;
Jeschke et al., 2012), the overall understanding of processes driving biological invasions
is still limited (Richardson and Pyšek, 2012; Kueffer et al., 2013). Invasion ecology still
lacks explanations for underlying mechanisms (Levine et al., 2003) and struggles with
strong context dependency in biological invasions (Heger et al., 2013).

There are several ways to classify alien plant species while studying their impact and
characteristics: (1) by residence time: The discovery of the Americas marks a profound
break in the history of alien species, due to a strong increase in global species inter-
change, mostly unidirectional from Europe to the Americas (di Castri, 1989). Hence, the
distinction between archaeophytes, i.e., the species introduced to Europe before 1500,
and neophytes, i.e., the ones introduced after 1500, is common practice (Pyšek et al.,
2004). Both groups of alien plant species have been shown to respond differently to
environmental conditions (Pyšek et al., 2005) and to differ in association with habitat
and trait characteristics (Pyšek et al., 2005; Knapp and Kühn, 2012). (2) By invasion
stage: Plant invasions are dynamic processes and represent a sequence of different stages
(Richardson et al., 2000a; Milbau and Stout, 2008; Blackburn et al., 2011). First, the plant
or its propagules get transported to the new environment and the alien species occurs
either only in cultivation or casually in the wild. Second, the species (or rather some
individuals) successfully survives in the new habitat, overcomes certain abiotic and biotic
filters and establishes first self-reproducing populations; the species gets naturalised. At a
third stage, the alien plant species starts to spread and establish stable populations across
large distances; the species’ range expands, it becomes invasive. As different processes
can affect the different stages, it has been suggested to discriminate species according
to their stages of invasion while analysing invasion success (Pyšek et al., 2008, 2009).
With regard to the mycorrhizal symbiosis, it has been proposed that the functional
importance of colonisation by MF may change with the respective invasion stages of the
host plant (Shah et al., 2009). Usually seedlings benefit more from the symbiosis than
adult plants (Jones and Smith, 2004), providing large effects on seedling establishment
(van der Heijden and Horton, 2009; Wurst et al., 2011; Koorem et al., 2012).
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Next to the susceptibility of an ecosystem (invasibility), the invasion success of alien
plant species depends on their trait characteristics (invasiveness; Lonsdale 1999). There-
fore, functional traits got into the focus of interest, as they represent the characteristics
of alien and invasive species and have been identified as a useful tool to overcome context
dependency irrespective of species identity. A set of functional plant traits known to
promote plant invasion has been already identified (e.g., Küster et al. 2010; van Kleunen
et al. 2010; Pyšek et al. 2012, 2015). However, an interest in mutualistic interactions and
their impact on plant invasion success has emerged (Richardson et al., 2000b; Traveset
and Richardson, 2014), as they bring together the concepts of invasibility (facilitated by
mutualists of the receiving habitat) and invasiveness (exerted by introduced mutualists).
The mycorrhizal symbiosis is one of the mutualistic interactions that attracted the atten-
tion of invasion ecologists (Reinhart and Callaway, 2006; Pringle et al., 2009; Shah et al.,
2009; Bunn et al., 2015). On a world-wide basis, phosphorus and nitrogen are crucial
limiting resources for plants and it has been established that soil nutrient levels play an
important role in determining the invasibility of a certain habitat or community (Davis
et al., 2000; Blumenthal, 2005). Although the mycorrhizal symbiosis strongly affects
the availability of these nutrients, the consideration of mycorrhizal traits in invasion
ecology of alien plant species is still in its infancy. It is an ongoing debate whether alien
plants benefit from being mycorrhizal, or if it constrains their establishment and spread
in new regions. The importance of MF for plant invasion success may be identified by
studying the mycorrhizal status or mycorrhizal dependency of alien plant species as
well as their ability to alter the MF community in the new environment (Lekberg et al.,
2013). Accordingly, several possible hypotheses have been identified (Pringle et al., 2009;
Shah et al., 2009): (1) Non-mycorrhizal invaders reduce the fungal abundance which
in turn negatively affects mycotrophic native plants (’Degraded mutualism hypothesis’;
Vogelsang and Bever 2009; Johnson et al. 2013). This scenario is possible, if native plants
are more dependent on the mycorrhizal symbiosis than alien plants, and/or when alien
species directly alter mycorrhizal communities in the new environment (Hawkes et al.,
2006; Mummey and Rillig, 2006). (2) Invasiveness is enhanced due to an encounter of
better mutualists in the exotic than the native range (’Enhanced mutualism hypothesis’;
Reinhart and Callaway 2006; Sun and He 2010). (3) Invasions are inhibited due to the
absence of specific fungal partners (Nuñez et al., 2009; Dickie et al., 2010). Therefore,
alien plants have most likely been suggested to be arbuscular mycorrhizal due to the
low specificity of this mycorrhizal type, whereas the lack of symbionts is proposed to
be a major barrier for ectomycorrhizal plants (Richardson et al. 2000b; but see Bogar
et al. 2015). Nevertheless, due to the increasing joint transport of soil and soil mutualists,
several other scenarios become possible (Figure 2).

A few case studies report positive impacts of the mycorrhizal symbiosis on the growth
and the development of alien plant species, resulting in a competitive advantage over
native species (Fumanal et al., 2006; Chmura and Gucwa-Przepióra, 2012; Sun and He,
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2010). In a meta-analysis conducted by Bunn et al. (2015), the authors found no positive
correlation between arbuscular mycorrhizal colonisation and the growth response of
alien plants. However, their colonisation by MF was increased when growing in direct
competition with natives. Whereas experimental, mostly small-scale studies report the
majority of alien plant species to be mycorrhizal (Štajerová et al., 2009; Moora et al.,
2011; Nuñez and Dickie, 2014), studies comparing large numbers of plant species report
contradictory results. In comparison to the native flora of Great Britain, Fitter (2005)
found alien plant species to be more likely from families that typically associate with MF.
Pringle et al. (2009) reported the opposite pattern for alien plant species in California and
Hempel et al. (2013) showed that neophytes in Germany are more frequently obligatorily
associated with MF compared to archaeophytes and native plant species. Still, there is a
lack of studies which investigated the mycorrhizal status of alien plants in relation to
their stages of invasion. Alike, research on ecological strategies involving the interaction
of mycorrhizal status and other plant functional traits is still missing. This thesis aims
to fill these gaps.
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Figure 1
In this schema a square depicts a plant and an oval depicts an associated root fungus. Colors and numbers
designate different species. For example, the facultative case depicts a plant species that can grow without
symbionts or associate with a variety of fungal species; it emigrates alone or is planted in a novel habitat as a
seedling with its symbiont, and may subsequently establish and spread without fungal associates, or with the
original, or a third or fourth mycorrhizal species (Case 1). In contrast, when a plant associated in an obligate,
specific, and nontransportable mycorrhizal association is introduced to a novel habitat without its
mycorrhizal fungus, it cannot establish or spread (Case 2). Plants associated in obligate symbioses but moved
with mycorrhizal associations intact may more easily spread because the symbiosis is transportable (Case 3);
plant species that are generalists and flexible will associate with a diversity of fungal species and may also
spread (Case 4). Obligate and flexible plant species may be moved with intact symbioses but will also spread
with local fungal symbionts (Case 5 ).

of whether the plant is specific or obligate, and the mycorrhizal association transportable or not
transportable) can successfully invade (Figure 1). A prediction of the framework is that mutualism
will pose no barrier to the invasion of a nonmycorrhizal or facultative mutualist. In contrast, in
Case 2, plants associated in obligate and specific mycorrhizal associations will not successfully
establish or spread within a novel habitat unless they are moved with intact symbioses (Case 3).
A plant that obligately requires the mycorrhizal association may also successfully invade if it is
flexible (Case 4), and can associate with local fungi. Finally, in Case 5, a plant that obligately
requires the mycorrhizal association but is both flexible and also moved with intact symbioses is
very likely to be a successful invasive species.

The criteria can be used to formulate three hypotheses:

1. An invasive plant is likely to be a nonmycorrhizal or a facultative symbiont.
2. An invasive plant that is obligately dependent on the mycorrhizal association is likely to

be flexible as regards the species with which mutualism is formed and will associate with
local fungi. Empirical work related to this prediction is discussed by Richardson et al.
(2000); typically, invasive plant species requiring pollinator or other microbial mutualists are
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Figure 2: Possible scenarios in plant invasions with respect to mycorrhizas. Squares depict a plant
and ovals depict an associated root fungus. Colours and numbers designate different species.
For example, the facultative case depicts a plant species that can grow without symbionts or
associates with a variety of MF; it emigrates alone or is planted in a novel habitat as a seedling
with or without its symbiont, and may subsequently establish and spread without fungal
associates, or with the original, or a third or fourth mycorrhizal species (Case 1). In contrast,
when a plant associated in an obligate, specific, and non-transportable mycorrhizal association
is introduced to a novel habitat without its mycorrhizal fungus, it cannot establish or spread
(Case 2). Plants associated in obligate symbioses but moved with mycorrhizal associations
intact may more easily spread because the symbiosis is transportable (Case 3). Plant species
that are generalists and flexible in their mycorrhizal partner will associate with a diversity of
MF and may also spread (Case 4). Obligate and flexible plant species may be moved with
intact symbioses but will also spread with local fungal symbionts (Case 5). Note that ’flexible’
in this case does not mean flexibility in their mycorrhizal status, but their mycorrhizal partner
(modified from Pringle et al., 2009).
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Objectives and thesis outline

As presented so far, the upmost importance of mycorrhizas for plant ecology is well known
and has already been studied for more than a century. Nevertheless, studies addressing
plant mycorrhizal ecology at larger scales remain rare and mycorrhizal traits are often
neglected in analyses of plant distributions as well as plant community assembly. A
plant mycorrhizal macroecology is an essential approach to deepen our understanding
of the co-variation of plants and their fungal symbionts and will give insights from a
position unlike the reductionist approaches dominating the field. Likewise, studying
large numbers of alien plant species with (now) known mycorrhizal associations and in
relation to other plant functional traits, as well as in combination with already established
plant distribution data, may broaden our knowledge of the role of mycorrhizas during
plant invasions. Nevertheless, at this point it is important to note that the approach
presented in this thesis is a plant-centric generalisation, which does not aim to reveal
(ecophysiological) mechanisms affecting individual plants and fungi in detail, but rather
plant ecological strategies involving the symbiosis.

In chapter 2 I present results from an analysis regarding the spatial distribution pat-
terns of plants’ arbuscular mycorrhizal status at the German country scale. At this scale,
I investigated whether plant species assemblages are composed of different proportions
of species differing in their arbuscular mycorrhizal status, and whether the variation
of these proportions can be explained by the geographical variation of ecological and
environmental predictors related to climate, land use, and geology.

Based on the finding that neophyte plant species are more frequently obligate mycor-
rhizal compared to archaeophytes and native plants (Hempel et al., 2013), I analysed in
chapter 3 whether the representation of plant species with different mycorrhizal status
differs at several stages of the invasion process. Furthermore, I used generalised linear
models to explain the occupied geographical range of these neophyte species in Germany
by incorporating interactions of mycorrhizal status and other functional plant traits.
Subsequently, I investigated potential trade-offs and ecological strategies relating the
mycorrhizal status to traits of morphology, reproduction, and life history.

The study presented in chapter 4 builds on the previous analyses of chapter 3. Here,
I investigated whether the detected trade-offs involving neophyte plants’ mycorrhizal
status are likewise present in archaeophytes and native plants, although they differ in
their composition of proportions of mycorrhizal status (Hempel et al., 2013).
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CHAPTER 2: Distribution Patterns of Arbuscular
Mycorrhizal and Non-Mycorrhizal Plant Species in
Germany

Abstract

We analysed the spatial distribution patterns of plant arbuscular mycorrhizal status
across an intermediate geographical scale (i.e., the country of Germany) and related
this distribution of plant species arbuscular mycorrhizal status to environmental drivers.
Three levels of arbuscular mycorrhizal status of plant species could be defined: (1) obli-
gate arbuscular mycorrhizal species that are always colonised by mycorrhizal fungi, (2)
facultative arbuscular mycorrhizal species that are colonised under some conditions but
not colonised under others, and (3) non-mycorrhizal species that are never found to be
colonised by arbuscular mycorrhizal fungi. We aimed to investigate whether plant species
assemblages at the studied grid cell scale are composed of different proportions of species
regarding their arbuscular mycorrhizal status, and whether the variation of these propor-
tions can be linked to the geographical variation of ecological and environmental factors.
We fitted a vector generalised additive model (VGAM) for log-ratios of proportions of
plant species’ arbuscular mycorrhizal status per grid cell (2859 grid cells, each c. 130
km2). The spatially explicit plant arbuscular mycorrhizal status distribution model was
based on environmental predictors related to climate, geology, and land use. The spatial
distribution of plant arbuscular mycorrhizal status can be explained as a function of
nine environmental predictors (D2=0.54). Proportion of obligate arbuscular mycorrhizal
plant species per grid cell increased with increasing temperature range, mean annual
temperature, urban area, and area of lime as geological parent material and decreased
with increasing area of mixed forest and coniferous forest. Annual temperature range was
by far the most important predictor. These results extend the comparative context of
former studies that established relationships between arbuscular mycorrhizal status and
other plant characteristics at species level, including those describing species ecological
requirements, to a context at the level of assemblages and species distributions. We encou-
rage integrating plant mycorrhizal status as a functional trait in future macroecological
analyses.

Keywords: arbuscular mycorrhiza, Central Europe, distribution model, MycoFlor, my-
corrhizal status, vector generalised additive model
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Introduction

Mutualistic associations formed by arbuscular mycorrhizal fungi (AMF) and terrestrial
plants are ancient and probably have existed since vascular plants colonised terrestrial
habitats (Pirozynski and Malloch, 1975; Brundrett, 2002). AMF are widely distributed
across most terrestrial ecosystems (Öpik et al., 2006, 2013; Smith and Read, 2008;
Davison et al., 2015) and potentially establish a symbiosis with approximately 75% of
all vascular plant species (Smith and Read, 2008; Brundrett, 2009). Mycorrhizas are
known to affect plant nutrition (Koide, 1991), to improve and regulate plant water
status (Augé, 2001), to offer protection from pathogens (Veresoglou and Rillig, 2012),
and to possibly enhance biomass productivity (Klironomos et al., 2000). Whereas the
symbiosis is obligate for AMF, some terrestrial plant species and families have partly
or entirely lost their ability to form mycorrhizal relationships (Fitter and Moyersoen,
1996; Brundrett, 2002). In principle, there are three levels of plant mycorrhizal status: (1)
obligate arbuscular mycorrhizal plant species (OM) that are always colonised by AMF,
(2) facultative arbuscular mycorrhizal plant species (FM) that are colonised under some
conditions but not colonised under others and (3) non-mycorrhizal plant species (NM)
that are never found to be colonised by AMF (Smith and Read, 2008; Moora, 2014).
Thereby, OM and NM plant species are specialised regarding their mycorrhizal strategy,
whereas FM plant species are generalists and show great differences in life-history trait
characteristics compared with OM and NM species (Hempel et al., 2013).
Plant mycorrhizal status and plant mycorrhizal dependency (or responsiveness) are

distinct plant traits not to be confused (Moora, 2014). A plant species’ mycorrhizal
status does not give direct information about functional significance of mycorrhizal
colonisation of individuals of this species, but rather on the mere presence/absence of
fungal colonisation among individuals of plant species. Thereby, it offers a coarse proxy
for estimating the importance of the mycorrhizal symbiosis for a plant at species level.
AMF-plant interactions are potentially of great importance in shaping the ecology of
the partners and whole communities (van der Heijden et al., 2003; Klironomos et al.,
2011). Although there are a few biogeographic studies of AMF on global scale (Treseder
and Cross, 2006; Öpik et al., 2010, 2013; Kivlin et al., 2011; Davison et al., 2015), our
understanding of the co-variation of plants and their associated mycorrhizal fungi (and
thereby variation of importance of the mycorrhizal symbiosis) at larger scales remains
quite limited. At the same time, distributions of plant species are relatively well studied
and this provides an opportunity to study environmental drivers of the mycorrhizal
symbiosis using plant mycorrhizal traits (e.g., mycorrhizal status) as a response variable
in macroecological frameworks.

The recently published MycoFlor data base (Hempel et al., 2013) compiles information
on plant mycorrhizal status for about half the species of the German flora (i.e., 1752
species; thus a major part of the Central European flora). It is publicly available and allows
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investigating whether plant species assemblages are composed of different proportions of
plant species regarding their AM status, using available plant species distribution data.
Hempel et al. (2013) showed that plant species with different mycorrhizal status are
associated with different ecological requirements (i.e., species attributes). For example,
using ecological indicator values of Ellenberg et al. (1992), they found that OM species
tend to be associated with warmer, drier, and more alkaline habitats, whereas NM species
are species of wet and disturbed habitats. Following these associations, we predict to
find different spatial patterns of plant species assemblages composed of species with
different arbuscular mycorrhizal status, which are based on the geographical variation
of these ecological and environmental conditions. While Hempel et al. (2013) analysed
species attributes (functional traits and species realised preference, i.e., having species as
replicates), the aim of the present study was to test whether actual spatial distributions
of proportions of OM, FM, and NM plant species exist (i.e., having spatial replicates).
We used available literature information, including the findings reported by Hempel et al.
(2013), to formulate predictions concerning the relationship between the distribution of
plant species with different mycorrhizal status and actual environmental predictors (Table
1: environmental drivers; Table 2: ecological predictions) to extend the knowledge on this
relationship in a spatial context. To test these predictions, we based a distribution model
across ordnance survey maps at the German country scale (i.e., grid cells with a size of
10’ (arc minutes) longitude × 6’ latitude; circa 130km2 each) on a set of environmental
predictors. We aim to unravel whether the rather locally acting plant-AMF interactions
have an impact on plant species distributions across a larger, intermediate geographical
scale. Thereby, we aim to detect the underlying environmental drivers of different AM
plant strategies. This will not only help to understand the macroecology of plant-fungi
relationships, but will contribute to establish plants’ mycorrhizal status as a functional
trait in analyses related to plant assemblages.

Materials and Methods

Data sources

Plant species distribution data were compiled from FLORKART, a database of the
German Network for Phytodiversity, provided by the German Federal Agency for Nature
Conservation (http://www.floraweb.de). The spatial resolution is defined by grid cells
with a size of 10’ longitude × 6’ latitude (arcminutes, i.e., c. 130km2) resulting in 2995
cells for Germany. The database was assembled with the help of thousands of volunteer
helpers, organised at a regional level. Therefore, mapping quality is heterogeneous across
grid cells. To this end, we followed a procedure suggested by Kühn et al. (2006) by using
50 ’control plant species’ (which are considered to be ubiquitous) to characterise grid
cells according to their data quality. Only grid cells containing at least 45 of these 50
species were considered during the analysis, finally resulting in 2859 cells.
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We used the MycoFlor database (Hempel et al., 2013) to obtain information on my-
corrhizal status per plant species. Although MycoFlor contains information on a range
of mycorrhizal associations, we restricted the analysis to symbioses involving AMF, as
they are the most cosmopolitan and largest group represented in MycoFlor. We then
distinguished between OM, FM, and NM plant species. Information on plant mycorrhizal
status within MycoFlor was verified and quality controlled. Successive citations were
traced back and primary studies were counted to obtain information about data relia-
bility. To assure appropriate data quality the authors recorded, whether the source of
information originated from a journal listed in Web of Science, EBSCO, SCOPUS, CABI,
or a book/book chapter from an international publisher as a proxy for data quality. In
that case, they assumed the publications passed through a peer review process or similar
robust quality assessment (Hempel et al., 2013). They furthermore used a reduced ’core
data set’, only including plant species with at least two primary literature references
reporting their mycorrhizal status and fulfilling their criteria for data quality. Using
this core data set, AM status information was available for a total of 1019 plant species
(i.e., 39% of the plant species with distributional information in Germany according
to FLORKART as a reference); 438 were OM, 485 FM, and 96 NM plant species. We
assigned the NM status to strictly non-mycorrhizal plant species, i.e., non-arbuscular
mycorrhizal species that may form dual symbiotic relationships with other mycorrhiza
types (e.g., ecto- or ericoid mycorrhiza) were excluded to avoid confounding the analysis
by incorporating other types of mycorrhizal interaction. By amending plant compositional
data with AM status information, each grid cell was characterised by compositional data
of three proportions - p(OM), p(FM), p(NM) - that sum up to 1.

For each cell we compiled data on climate, land use, and geology. Geological and pedolo-
gical data were obtained from the Geological Survey Map of Germany (Bundesanstalt für
Geowissenschaften und Rohstoffe, 1993). We used the covered area of geological substrate
classes such as lime, sand, clay, and loess per grid cell. Land-use data were taken from
CORINE land cover data sets (Statistisches Bundesamt, 1997). We included area of
rivers, area of agricultural fields, urban area (sum of continuous and non-continuous
urban areas classified by CORINE) as well as the area of deciduous (i.e., broad-leaved
trees), mixed and coniferous forest stands as environmental predictors in the distribution
model. We used mean annual temperature and mean annual within-year temperature
range (1901-2000) as well as the mean annual precipitation and its range (1901-2000),
provided by the European Union ALARM project (Fronzek et al., 2012; cf. Table 1).
Each environmental predictor was centred by subtracting its mean and scaled by dividing
the centred value by the standard deviation to ensure comparable effect sizes of the final
distribution model. We assessed the collinearity of the selected environmental predictors
prior to the analysis (Fig. S1) and only used predictors with τ<0.7 (Dormann et al., 2013).
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Table 1: Summary of selected environmental predictors, their abbreviations, units (per grid
cell), mean, standard deviation (sd), maximum values (max), minimum values (min), and data
sources, i.e., CORINE Land Cover (CLC; Statistisches Bundesamt, 1997), EU project ALARM
(ALA; Fronzek et al., 2012), and Geological Survey Map of Germany (GEO; Bundesanstalt für
Geowissenschaften und Rohstoffe, 1993)

environmental predictor abbreviation source unit mean sd min max

area of stream courses stream area CLC km2 0.2 0.7 0 7
area of deciduous forest
stands

deciduous forest
area CLC km2 7 10 0 87

area of mixed forest stands mixed forest area CLC km2 7 10 0 97
area of coniferous forest
stands

coniferous forest
area CLC km2 16 19 0 106

area of agricultural land use agricultural area CLC km2 58 31 0 123
area of urban land use urban area CLC km2 8 10 0 104
area of lime as geological
parent material lime area GEO km2 6 19 0 135

area of loess as geological
parent material loess area GEO km2 6 15 0 114

area of sand as geological
parent material sand area GEO km2 45 41 0 135

area of clay as geological
parent material clay area GEO km2 7 19 0 123

mean annual temperature
(1901-2000)

mean
temperature ALA ◦C 8.4 0.8 4.2 10.6

mean annual temperature
range (1901-2000)

temperature
range ALA ◦C 25.1 1.7 21.1 29.1

mean annual precipitation
(1901-2000)

mean
precipitation ALA mm 724 130 480 1384

mean annual precipitation
range (1901-2000)

precipitation
range ALA mm 40 13 23 104

number of CORINE land-use
classes

number of
land-use types CLC - 10 2.7 1 23

number of classes of
geological parent material

number of
geological parent
materials

GEO - 7 2.5 1 24

number of soil types number of soil
types GEO - 4 1.7 1 12
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Table 2: Summary of predictions relating plant arbuscular mycorrhizal status and the environmental predictors selected for this study.

predictor background and predictions

stream area Occurrence of AMF in riparian systems is patchy in space (Harner et al., 2009) and time (Piotrowski et al., 2008;
Harner et al., 2011) since local conditions can change dramatically. Consequently, we predict that in riparian ecosystems
generalist FM plant species occur in greater proportion than specific OM and NM species.

deciduous,
mixed, and
coniferous
forest area

The abundance of potential AM host plant species is greater in deciduous forest than in coniferous forest (Read, 1991;
Lang et al., 2011). Plants grown with coniferous forest soil inoculum exhibit low root AMF colonisation (Moora et al.,
2004) and diversity (Öpik et al., 2003). We expect that being FM is more viable than being OM in such conditions.
Given that the presence of coniferous trees is associated with soil acidification (Augusto et al., 2003) we also expect fewer
OM plant species in coniferous forests (Hempel et al., 2013). At the same time, there is no specific information about the
occurrence of NM plant species in different forest types. We therefore predict that the proportion of OM plant species
decreases along the transition from deciduous to coniferous forests, which might be associated with an accompanying
increase of FM plant species.

agricultural
area

Intensive agriculture as practiced in Central Europe shows negative effects on AMF diversity (Oehl et al., 2003, 2010).
Main reasons are the supply of fertiliser (Johnson, 1993; Santos et al., 2006) and tillage activities, which rupture the
AMF hyphal network (Jansa et al., 2002). In addition, agricultural practices fragment the landscape, leaving patchy
fragments of the more natural plant communities. We therefore expect a higher proportion of NM plant species and a
general decrease of OM species with increased agricultural land use.

continued on next page
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predictor background and predictions

urban area (1) Urban areas are highly disturbed and fragmented environments (McDonnell and Pickett, 1990). The same plant
species exhibit lower root colonisation by AMF in urban than in rural environment (Bainard et al., 2011). This could
be due to increased nitrogen deposition in the soil (Egerton-Warburton and Allen, 2000), for instance caused by air
pollution (Cairney and Meharg, 1999); various other factors (other types of pollution, mechanical disturbances) may be
important. This may be associated with an increase in NM plant species with urbanity. (2) Urban areas are typically
species rich (Kühn et al., 2004). Still, they show a larger share of alien plant species, compared with less urbanised or
rural areas (Kühn and Klotz, 2006). As alien plant species are more frequently OM species (Hempel et al., 2013), an
increase in OM species with increasing urbanisation is possible.

lime area,
loess area,
sand area,
clay area

Different geological parent materials and the resulting soil types differ in soil pH, nutrient, and water availability. Soil
conditions influence the distribution of both plant and AMF species. In particular, soil pH (Dumbrell et al., 2010) or soil
type in general (Oehl et al., 2010) may be strong drivers of AMF community composition. Hempel et al. (2013) showed
that OM plant species are more frequently those adapted to high pH, dry, and less fertile habitats.
We predict that more fertile parent material like loess will lead to a lower proportion of OM species, whereas typically
nutrient poor soils like sand will promote OM species instead. We predict that soils derived from lime rich parent material
inhabit more OM species, as they show a high microbial and fungal activity due their high pH and saturation with
calcium ions.

mean
temperature

AMF grow better and show higher plant root colonisation rates in areas of higher temperatures (Tungate et al., 2007)
and OM status is positively associated with species’ preference of higher temperatures (Hempel et al., 2013). Plant
roots show changes in morphology (Haugen and Smith, 1992), growth rate as well as longevity (Forbes et al., 1997) in
relation to increased soil temperatures, which may be compensated by increasing growth of extraradical fungal hyphae.
Consequently, we expect an increase in OM plant species under higher temperatures.

continued on next page
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predictor background and predictions

temperature
range

High temperature variability influences the ecology of plant species and their fungal partners (Heinemeyer and Fitter,
2004). We predict a larger proportion of FM plant species in regions of larger temperature range, as this generalist
strategy may allow a greater plant ecological amplitude.

mean
precipitation

Plant productivity is often limited by water availability. AMF potentially improve individual plant water uptake by
different mechanisms, e.g., by accessing small soil pores and increased absorption rates due to high density of fine hyphae
(Augé, 2001) and may reduce plant stress in this way. Worchel et al. (2013) showed that the positive growth response of
grasses to AMF increased under drought conditions and Hempel et al. (2013) found a positive association of OM species
with their preference of drier habitats. We therefore predict a higher proportion of OM plant species in regions of less
precipitation.

precipitation
range

As OM plant species are positively associated with dry and NM species with wet conditions (Hempel et al., 2013) we
expect a decrease of both statuses and an increase of FM species with an increased precipitation range.

no. of land-use
and soil types,
no. of geologi-
cal parent ma-
terials

A more heterogeneous, patchy landscape, either due to diversity of land-use types, geological parent material or soil type
classes, should promote a larger number of plant species due to a larger amount of distinctive habitats (Deutschewitz
et al., 2003; Stein et al., 2014). Since we see no reason for a disproportioned advantage of any of the three statuses under
such a scenario, we predict no correlation between any of the three status and grid cell heterogeneity.
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Modelling compositional data and residual spatial autocorrelation

Dealing with compositional data poses the problem that by adding up to one, the
proportions are not independent of each other. If one proportion decreases, another
one has to increase. This so-called ’unit-sum-constraint’ can be broken by replacing the
observed proportions by logarithms of ratios (log-ratios; Aitchison, 1986; Billheimer et al.,
2001; see Kühn et al., 2006 for details). We chose the total number of plant species
with FM status as denominator and the other two statuses as numerators for both
log-ratios. This resulted in one log-ratio log(OM/FM) representing the relative proportion
of obligate arbuscular mycorrhizal plant species and another log-ratio log(NM/FM)
representing the relative proportion of non-mycorrhizal plant species. Mathematically,
the choice of numerator and denominator is arbitrary and does not affect the results
(Aitchison, 1986). Ecologically, however, the choice of numerator and denominator affects
the interpretation of the model. We chose OM and NM species as numerators, because we
were especially interested in the obligate plant strategies regarding the symbiosis (both,
obligate mycorrhizal and obligate non-mycorrhizal). As FM plant species represent the
ecologically flexible, intermediate position, we identified this status as the most suiting
denominator.
We used a vector generalised additive model (VGAM) – a non-parametric extension

of generalised linear models (Yee and Mackenzie, 2002) – for distribution modelling,
including a multinomial distribution family (cf. Lososová et al., 2012) that accounts for the
described log-ratio procedure. Unlike ordinary GAMs (or GLMs), this technique allows
modelling the two selected log-ratios in one model. For each of the 17 initially selected
environmental predictors, (vector) smooth terms with a maximum of two degrees of
freedom were allowed, i.e., a smoothing function up to a quadratic function per predictor
fit. Following the initial predictions, the predictors were backward-selected based on error
probabilities. Predictors with one significant p-value (p≤0.05) for at least one log-ratio
were kept in the model. The VGAM was implemented using the respective R package
(Yee, 2010).

We used a residuals autocovariate (RAC) approach (Crase et al., 2012) to account
for spatial autocorrelation (SAC) within the residuals of the distribution model. This
approach derives an autocovariate from the residuals of the environment-only model,
instead of deriving it from the response variable itself. Therefore, this approach does not
suffer from biased parameter estimates reported in Dormann et al. (2007). As we model
two log-ratios, this results in two VGAM residuals per grid cell. Hence, two autocovariates
accounting for spatial dependencies were calculated using a mean focal operation including
the maximum eight neighbouring cells of each grid cell. Afterwards, both RACs (one for
each log-ratio) were added as predictors accounting for residual spatial autocorrelation to
the backward-selected environment-only model. A second backward selection process was
run to control for changing significance levels of the pre-selected predictors after adding
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the RACs.
The model’s ability to account for SAC is indicated by the reduction of SAC in model

residuals. SAC was measured by calculating Moran’s Index and plotting these values as
correlograms. P-values indicating whether the Moran’s I for each distance class where
significantly different from zero were sequentially adjusted using Holm’s procedure (Holm,
1979). For both, Moran’s I calculation and correlogram plotting, we used the package
’spdep’ (Bivand et al., 2013). The RAC approach successfully reduced the residual SAC
of our distribution model. Subsequently, the residuals could not be distinguished from
the pattern expected under a white noise process, as the variance appeared homogenous
and the autocorrelation was reduced to a sufficient level. We partitioned the explained
variance of our final model into the variance that is explained by the environment-only
and by the residual autocovariate-only model. We subtracted the overlap in explained
variance of both of these models from the final model’s explained variance, including the
environmental predictors and residual autocovariates to obtain an adjusted explained
variance D2 (Borcard et al., 1992). We assessed the robustness of the final model with
five-fold cross-validation. For this purpose, the data set of 2859 grid cells was split into
five equally large, mutually exclusive, and non-random subsets. Thereby we assured
to use the spatial heterogeneity in the data set for out-of-area predictions during the
cross-validation (Wenger and Olden, 2012). We split the data from west to east, as
stronger environmental gradients in Germany are acting from north to south.
As the graphical VGAM output illustrates the relationship of both log-ratios only

(Fig. S2), it is not distinguishable whether changes in both log-ratios with environmental
predictors are due to changes in OM and NM proportions, respectively, or due to a
change in FM species proportion. Therefore, we present the model outcome using loess
smoother functions, to illustrate the relationship of all three plant mycorrhizal statuses
at the same time. Nevertheless, the VGAM approach does not allow presenting any kind
of significance test for the FM proportions.
All statistical analyses were performed using the statistical software R (version 3.0.2;

R Development Core Team, 2013).

Results

Nine of the initially 17 environmental predictors remained in our final distribution model
of plant species AM status across Germany (Fig. 1), additionally including the two residual
autocovariates. These nine predictors were at least significant for one of the two log-ratios
(Table 3). The final model explained 54% of the variation within the distribution data,
corrected for the overlap in explained variance by environmental (D2=0.47) and residual
spatial covariates (D2=0.39). Predictions showed a root-mean-square error (RMSE) of
0.013 (cross-validated: 0.021) for proportions of OM, 0.013 (cross-validated: 0.021) for
proportions of FM, and 0.007 (cross-validated: 0.009) for proportions of NM plant species
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(Table S1). The assemblages of proportions of plant species with different mycorrhizal
status (Fig. 2) followed a non-random spatial distribution, even at the chosen intermediate
geographical extent with a relatively coarse grid cell grain of c. 130km2 per cell. OM
plant species proportion was highest along the Central and South-Western basins of
Germany and lowest in the North German Plain, drawing a clear line along the upland
range (Fig. 2). The relative FM plant species distribution showed an opposing pattern
with highest values in the North German Plain and along the low mountain ranges at
the Czech-German border (Fig. 2). NM plant species proportion was highest in northern
Germany, but showing a relatively scattered distribution within the rest of Germany (Fig.
2).

Table 3: The relationship between the two chosen log-ratios representing the ratio of obligate to
facultative arbuscular mycorrhizal plant species log(OM/FM) and the ratio of non-mycorrhizal
to facultative arbuscular mycorrhizal plant species log(NM/FM) as well as the nine final envi-
ronmental predictors using a vector generalised additive model (VGAM). Degrees of freedom;
approximate chi-square values as measure of non-parametric effect size and significance levels:
0.01<p≤0.05 *, 0.001<p≤0.01 **, p≤0.001 ***

predictor df chi-
square p(chi)

mixed forest area: log(OM/FM) 1 5 *
mixed forest area: log(NM/FM) 1 1 -
coniferous forest area: log(OM/FM) 1 23 ***
coniferous forest area: log(NM/FM) 1 1 -
urban area: log(OM/FM) 1 7 **
urban area: log(NM/FM) 1 4 -
lime area: log(OM/FM) 1 10 **
lime area: log(NM/FM) 1 1 -
mean temperature: log(OM/FM) 1 4 *
mean temperature: log(NM/FM) 1 1 -
temperature range: log(OM/FM) 1 53 ***
temperature range: log(NM/FM) 1 9 **
mean precipitation: log(OM/FM) 1 1 -
mean precipitation: log(NM/FM) 1 8 **
precipitation range: log(OM/FM) 1 6 *
precipitation range: log(NM/FM) 1 2 -
number of soil types: log(OM/FM) 1 1 -
number of soil types: log(NM/FM) 1 5 *

Annual temperature range was the only predictor significantly explaining the distri-
bution of both statistically modelled log-ratios and it was by far the most powerful
environmental predictor in terms of effect size (Table 3). With an increase in temperature
range per grid cell we detected a strong relative increase in OM species (Fig. 1). NM
plant species proportion was highest at low and high values of temperature range, having
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Table 4: Concordance of the relationship of initial environmental predictors to one of the three
plant arbuscular mycorrhizal statuses (OM: obligate arbuscular mycorrhizal, FM: facultative
arbuscular mycorrhizal, NM: non-mycorrhizal) derived from our initial predictions (cf. Table 1)
and compared to the outcome of the vector generalised additive model.

predictions model outcome
predictor OM FM NM OM FM NM

stream area - ↑ - - - -
deciduous forest area - - - - - -
mixed forest area ↓ - - ↓ - -
coniferous forest area ↓ - - ↓ - -
agricultural area ↓ - ↑ - - -
urban area ↑ - ↑ ↑ - -
lime area ↑ - - ↑ - -
loess area ↓ - - - - -
sand area ↑ - - - - -
clay area - - - - - -
mean temperature ↑ - - ↑ - -
temperature range - ↑ - ↑ - ↓
mean precipitation ↓ - - - - ↓
precipitation range ↓ ↑ ↓ ↑ - -
number of land-use types - - - - - -
number of geological parent materials - - - - - -
number of soil types - - - - - ↑

a minimum in intermediate annual temperature range (Fig. 1). Area of mixed forest and
area of coniferous forest per grid cell were significantly negatively related to the relative
occurrence of OM plant species (Fig. 1). An increase in urban area per grid cell resulted
in an increase in OM proportions (Fig. 1). Likewise, an increase in area of geological
parental material originating from lime and mean annual temperature per grid cell were
significantly positively related to the proportion of OM plant species (Fig. 1). Mean
precipitation and the number of soil types were the two predictors exclusively explaining
the distribution of NM plant species (Table 3). There was a strong decline of NM species
proportion with an increase in mean precipitation, showing a peak in grid cell regions of
low annual precipitation (Fig. 1). NM species proportion increased with an increasing
number of soil types (Fig. 1). In regions of low annual precipitation range, there was a
decrease in OM proportions. As the annual precipitation range per grid cell increased,
this relationship slightly flipped (Fig. 1).
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Figure 1: Loess-smoother functions for all finally selected environmental predictors and the
predicted VGAM values for the three mycorrhizal status proportions: p(OM) – solid line (left
axis), p(FM) – dashed line (right axis), p(NM) – dotted line (far left axis). Each environmental
predictor was centred by subtracting its mean and scaled by dividing the centred value by
their respective standard deviation.
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OBSERVED

OM

PREDICTED

FM

NM

Figure 2: Observed and predicted distribution of arbuscular mycorrhizal plant status of the 2995
grid cells representing Germany. Compared are the observed values (left column) for the three
plant arbuscular mycorrhizal status proportions 1) OM – obligate arbuscular mycorrhizal, 2)
FM – facultative arbuscular mycorrhizal 3) NM – non mycorrhizal, and their predicted values
of the final VGAM distribution model (right column). To better compare the maps, classes
for proportions of plant arbuscular mycorrhizal status are decantiles (i.e., ten classes of equal
size with different class limits for each map). High values are indicated by red, low values by
green colour. Grid cells classified as insufficiently mapped and excluded from the analysis are
illustrated in white.
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Discussion

We analysed whether plant species assemblages across an intermediate spatial scale
are composed of different proportions of species regarding their AM status, and if the
variation of these proportions are linked to the geographical variation of ecological and
environmental conditions. We detected distinct spatial distribution patterns of the pro-
portion of plant species with different AM status across Germany (i.e., 2859 grid cells,
each c. 130km2) and found correlations of these distributions with a set of environmental
predictors. Thus, we extended and substantiated many of our initial predictions on
associations of plant AM status and the addressed geographical variation of ecological
and environmental conditions (Table 4).

The model’s outcome matches our initial expectations concerning area of forest stands
per grid cell (Table 4). We assume that the inversely proportional relationship (Fig.
1) results from an increase in soil acidity with a higher proportion of coniferous tree
species (Augusto et al., 2003), which inhibits AMF activity (van Aarle et al., 2003) and
the association of OM with plant species in general (Hempel et al., 2013). Secondly,
Europe’s coniferous forests in recent silvicultural practice are mostly even-aged stands
(Kuuluvainen, 2009) with structurally altered (Moora et al., 2009) and species poor herbal
understories (Koorem and Moora, 2010). Therefore, they are predominantly lacking a
plant layer that is mostly dominated by potential AMF host plants. As a third point, at
least some deciduous tree species are arbuscular mycorrhizal – in addition to being ecto-
mycorrhizal – whereas coniferous tree species are not commonly arbuscular mycorrhizal
in Europe.
We presented two initial predictions regarding urban area as a predictor (Table 2).

We found an increase of OM plant species proportions with increasing urban area per
grid cell (Table 4). We explain this relative gain of OM plant species with an increase of
alien plant species in urban areas compared to rural areas (Kühn et al., 2004), which are
known to be more frequently OM (Hempel et al., 2013). We do not think that the higher
proportion of OM plant species in urban areas is caused by higher average temperatures
of cities compared to their surrounding areas (urban heat island; Oke, 1982), as the
corresponding environmental predictors urban area and average temperature are – at
least at our extent and grain size – not strongly correlated (Fig. S1).

Other land use related environmental predictors, especially the amount of agricultural
area per grid cell, did not affect AM plant status distribution (Table 4), although most of
the crop species are arbuscular mycorrhizal (Smith and Smith, 2011b). Nevertheless, we
do not conclude that agricultural transformations and utilisation are of no importance
in shaping the trait distribution. As a predictor in our analysis, agricultural area lumps
together agricultural practices differing in land-use intensity, nutrient load, and manage-
ment practices such as tillage (Jansa et al., 2002) or grazing (Eom et al., 2001). These
parameters may influence the trait distribution on a more local scale (Ngosong et al.,
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2010), which is not captured in our analysis. Other predictors such as precipitation or
temperature, which lead to different agricultural practices, may overrule the effects of
those practices at the German country scale. The same is true for spatial distributions
of nitrogen and phosphorus availability, which influence the composition of plants and
their arbuscular mycorrhizal status and are influenced by fertilisation regimes (Landis
et al., 2004; Ceulemans et al., 2011). Within our grid system of cells with c. 130km2, it is
not possible to accurately map differences in nutrient availability, which acts on a far
finer scale. Considering other environmental predictors as proxy for nutrient availability,
e.g., lime area (as discussed in the following paragraph) may mitigate this lack of data
availability. Nevertheless, incorporating nutrient level or nutrient availability in our model
may substantially improve the model. Unfortunately, such data are not yet available at
this scale.

Only lime area significantly explained the distribution of OM plant species proportion,
as one of the initial four predictors characterising geological parent material (Table 4). As
predicted, we found a relative increase in OM plant species with increasing area of lime
per grid cell (Fig. 1). Soils developing on lime-rich parent materials are more alkaline
compared to soils on other geological parent materials (Schachtschabel et al., 1998). This
promotes AMF activity, favours OM plant species in general (Hempel et al., 2013), and
increases the share of AM plants at community level (Gerz et al., 2016). High calcium
content of lime-rich parent materials leads to reduced availability of phosphorus, which
can be alleviated through external hyphae provided by AMF (Sanders and Tinker, 1971;
Smith et al., 2004). Therefore, AM associated plant species may have a (local) competitive
advantage in such phosphorus-limited environments (Olsson and Tyler, 2004).

We did not formulate particular expectations towards proportions of mycorrhizal status
and the number of soil types. The detected increase in NM plant species proportion
with an increase in number of soil types might be explained by an accompanied higher
habitat heterogeneity (Deutschewitz et al., 2003; Stein et al., 2014). This increases the
probability of occurrences of soil types which favour NM species. As NM plant species
are by far the minority among plant species and occupy extreme habitats in terms of soil
fertility (Lambers and Teste, 2013), this might explain the exclusive association of this
predictor with NM plant species proportion.

With an increase in mean temperature per grid cell we found an increase in OM plant
species proportion (Fig. 1). So we corroborated in space what Hempel et al. (2013) found
in a cross-species analysis, i.e., that OM plant species are positively associated with higher
temperatures. OM plant species may be favoured in warmer habitats driving increased
soil temperatures, since AMF are able to compensate temperature induced changes in
root morphology (Haugen and Smith, 1992), growth rate, and longevity (Forbes et al.,
1997) of host plants, by increasing growth of extraradical fungal hyphae. Additionally,
high mean annual temperatures may lead to a higher probability of drought events and
OM plant species may cope with drought stress via a variety of mechanisms (Augé, 2001;
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Zhu et al., 2011).
Differing from our initial expectation, we found a relative increase in OM plant species

with increasing temperature range (Table 4), i.e., highest proportions of OM plant species
in Eastern and South-Eastern regions of Germany (Fig. 2), which are climatically the
most continental ones (Fig. S3). Contrary to our expectations, the share of FM plant
species continuously decreased with increasing temperature range (Fig. 1). Mycorrhizas
help to tolerate low (Zhou et al., 2012) and high temperature stress (Maya and Matsubara,
2013), which may explain the relationship of OM plant species and temperature range. On
the other hand, NM plant species are associated with high values of temperature range
as well (Fig. 1). At present, we can therefore offer no clear explanation of this correlation
at our chosen scale. The mechanism relating AM plant status with continentality remains
to be elucidated.

Regarding mean annual precipitation as a predictor, our distribution model revealed a
relationship distinctly different from our expectations (Table 4); with NM plant species
proportions strongly decreasing with increasing annual precipitation and no significant
relationship concerning OM plant species (Fig. 1). As we found a relative increase in
OM species share in regions having higher mean temperature, and OM plant species
have low moisture indicator values (Hempel et al., 2013), this finding may imply that
our precipitation related predictors do not fully translate into actual soil moisture condi-
tions. Factors influencing soil moisture such as evapotranspiration and infiltration due to
substrate type and texture act on smaller scales, which we cannot address at our chosen
extent and grain. We find a decrease in OM plant species proportion in regions of low
annual precipitation range (Fig. 1), which turns into a slight increase with increasing
precipitation range per grid cell, slightly contradicting our predictions (Table 4). The
same trend appears for NM plant species proportions (Fig. 1), but showing an increase
in grid cells of low precipitation range and a slight decrease with increasing precipitation
range, a pattern more closely aligned with our prediction. Analogously to temperature
stress, mycorrhizas were shown to mitigate plant stress under drought conditions (Li
et al., 2014), which may explain this correlation. Again, this result may be related to weak
transferability of our precipitation related predictors to actual soil moisture conditions.
However, precipitation range shows similar relationships with plant mycorrhizal status as
temperature range, emphasising the role of continental climate for the trait’s distribution.
This correlation as a proxy for continental climate is less strong, which can be explained
by the less pronounced gradient within Germany, showing peak values of precipitation
range in the German Alps and pre-alpine foothills only (Fig. S3).
Our results extend the findings of Hempel et al. (2013) from a cross-species analysis

to a spatially explicit context, substantiating their findings regarding the association
of plant AM status with information of plant species ecological requirements. We thus
bridge the gap between former coarse grained global analyses (Treseder and Cross, 2006;
Öpik et al., 2010; Kivlin et al., 2011; Davison et al., 2015) and local greenhouse or field
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experiments (e.g., van der Heijden et al., 1998; Hartnett and Wilson, 2002; Klironomos
et al., 2011). We thereby uncovered new patterns regarding the assemblages of plant
species differing in their plant mycorrhizal status at this intermediate scale. Our analysis
is not able to disentangle, whether the found AM status distributions are due to the AM
status of plants or other plant traits that correlate with AM status; this needs further
testing. Still, the distinct spatial distributions of proportions of different plant AM status
(Fig. 2) emphasise the importance of plant mycorrhizal status as a useful functional trait,
especially considering that root traits are not as commonly and widely used in analyses
of plant species distribution and assemblages (Rillig et al., 2015).

Our intermediate study scale may be suitable to questions related to plant mycorrhizal
status and its potential capacity to mediate future changes in plant responses due to
changes in climatic conditions (Compant et al., 2010; Mohan et al., 2014) or land use. Our
results demonstrate that the proportion of plants with different arbuscular mycorrhizal
status is dependent on climatic predictors, in particular temperature and precipitation,
which present the largest effect size (Table 3). If temperatures in Germany will increase
(IPCC, 2013), OM plant species may be favoured according to our results (cf. Bunn et al.,
2009).

We encourage including plant mycorrhizal status as a plant trait in future macroeco-
logical analyses of plant assemblages and distributions (Moora, 2014). This additional
information may help to improve plant species distribution models, for instance in inter-
action with other traits. Pellissier et al. (2013) could already show such advancement
by adding the number of soil fungal operational taxonomic units to a plant species
distribution model of the Western Swiss Alps. Nevertheless, there is still a need to
improve the existing knowledge regarding plant mycorrhizal traits. Hempel et al. (2013)
stated that more abundant plant species are better studied in terms of their mycorrhizal
associations. Furthermore, they were able to compile mycorrhizal status information only
for half of the plant species of the German flora via the existing literature. This may be
a simple explanation for the performance of our distribution model, which is e.g., biased
upwards for NM plant species, i.e., the model predicts higher proportions of NM plant
species especially in the South and Central part of Germany (Fig. 2). Collecting more
data even on rare plant species – both in literature review and experimentally – would
substantially improve future analyses involving plants’ mycorrhizal status as a plant
functional trait. Certainly, investigating the biogeography of AMF themselves (Hazard
et al., 2013; Davison et al., 2015) will stimulate usage of plant mycorrhizal status in
future analyses of co-variation of plant and AMF communities (Zobel and Öpik, 2014).
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Supplementary data

Table S1: Summary of the cross-validation results. Shown are the sets of finally backward-selected
environmental predictors of the final model as well as the five cross-validations. An ’X’ illustrates
that the predictor was selected in the particular model. Bold rows indicate predictors that were
chosen in each of the models. Root-mean-squared errors (RMSE) are given for each of the three
proportions of arbuscular mycorrhizal status.

predictor final model CV1 CV2 CV3 CV4 CV5

Mixed forest area X X X X X X
Coniferous forest area X X X X X X
Agricultural area X X X
Urban area X X X X X X
Number of classes of
geological parent material X X

Number of soil types X X X X X X
Lime area X X X X X X
Loess area X
Mean temperature X X X X X X
Mean precipitation X X X X X X
Temperature range X X X X X X
Precipitation range X X X X X X
RMSE(pOM) 0.013 0.021 0.019 0.02 0.022 0.025
RMSE(pFM) 0.013 0.02 0.018 0.021 0.019 0.025
RMSE(pNM) 0.007 0.009 0.009 0.009 0.01 0.01
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Figure S1: Kendall rank correlation plot of all 17 initially selected environmental predictors. Blue
colour indicates a positive correlation coefficient between two predictors; red colour indicates
a negative correlation coefficient. Numbers represent the specific correlation coefficient value.
The correlation plot was created using the R package ’corrplot’ (Wei, 2013).
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Figure S2: Smoother functions for both log-ratios over all nine finally selected environmental pre-
dictors extracted from the vector generalised additive model . Black lines indicate log(OM/FM),
red lines indicate log(NM/FM), and the dashed curves indicate ±2 standard error bands.
Each environmental predictor was centred by subtracting its mean and scaled by dividing the
centred form by their particular standard deviation.
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Figure S3: Spatial overview of the nine final environmental predictors throughout Germany. To
better compare the maps, classes for the different predictors are decantiles (i.e., ten classes
of equal size with different class limits for each map). High values are indicated by red, low
values by green colour. Grid cells classified as insufficiently mapped and excluded from the
analysis are illustrated in white without border; white cells with border indicate a cell value
of zero.
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CHAPTER 3: Mycorrhizal Status Helps Explain Invasion
Success of Alien Plant Species

Abstract

It is still debated whether alien plants benefit from being mycorrhizal or if engaging
in the mycorrhizal symbiosis constrains their establishment and spread in new regions.
Here, we analysed the association between mycorrhizal status of alien plant species in
Germany and their invasion success. We compared whether the representation of species
with different mycorrhizal status (obligate, facultative or non-mycorrhizal) differed at
several stages of the invasion process. Furthermore, we used generalised linear models to
explain the range in Germany, incorporating interactions of mycorrhizal status with addi-
tional plant traits related to morphology, reproduction, and life-history. Non-naturalised
aliens did not differ in their relative frequency of mycorrhizal status from naturalised
aliens. Mycorrhizal status significantly explained the occupied geographical range, with
facultative mycorrhizal species inhabiting a larger range than non-mycorrhizal aliens
and obligate mycorrhizal plant species taking an intermediate position. Additionally,
aliens with storage organs, shoot metamorphoses or specialised structures promoting
vegetative dispersal, occupied a larger range if being facultative mycorrhizal. We conclude
that being mycorrhizal is important for the establishment and persistence of aliens
in Central Europe and constitutes an advantage compared to non-mycorrhizal plants.
Being facultative mycorrhizal seems to be especially advantageous for successful spread,
as the flexibility of this mycorrhizal status may enable a broader set of ecological strategies.

Keywords: alien plants, biological invasion, Central Europe, functional traits, invasion
stage, MycoFlor, mycorrhizal status, neophytes, trait interactions
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Introduction

With increasing concern about invasive alien plant species’ effects on native plant species,
communities, ecosystems as well as their economic consequences (Vilà et al., 2010, 2011;
Simberloff et al., 2013), there has been growing interest in studying processes and
mechanisms underlying successful invasion, including the role of species traits. Besides
a set of functional plant traits known to promote invasion (van Kleunen et al., 2010;
Küster et al., 2010; Knapp and Kühn, 2012; Pyšek et al., 2015), an interest in mutualistic
interactions and their influence on invasion success has emerged (Richardson et al., 2000b;
Traveset and Richardson, 2014). Next to pollination (Pyšek et al., 2011; Bezemer et al.,
2014), the mycorrhizal symbiosis is a mutualistic interaction that attracted the attention
of invasion ecologists (Reinhart and Callaway, 2006; Pringle et al., 2009; Shah et al., 2009;
Bunn et al., 2015). Nevertheless, analyses using mycorrhizal traits to characterise plant
species (Moora, 2014) are still rare. Whereas experimental, mostly local studies report
the majority of alien plant species to be mycorrhizal (Štajerová et al., 2009; Dickie et al.,
2010; Moora et al., 2011; Nuñez and Dickie, 2014), studies based on greater numbers
of plant species report ambiguous results. Fitter (2005) found alien plant species to be
more likely from families that typically associate with mycorrhizal fungi compared to
the native flora of Great Britain. Pringle et al. (2009) reported an opposite pattern
for alien plant species in California. Hempel et al. (2013) showed that neophyte plant
species of Germany (i.e., those aliens species introduced after the year 1500; Pyšek et al.,
2004) are more frequently obligate mycorrhizal compared to archaeophytes (introduced
before the year 1500) and native species. Therefore, it is still debated whether alien
plant species benefit from being mycorrhizal, or whether engaging in the symbiosis is
constraining their establishment and geographical spread in the new environment and
region. A few case studies report positive impacts of the mycorrhizal symbiosis on growth
and development of alien plant species, resulting in a competitive advantage over native
species (Fumanal et al., 2006; Chmura and Gucwa-Przepióra, 2012; Sun and He, 2010).
In a meta-analysis conducted by Bunn et al. (2015), the authors did not find a positive
correlation between arbuscular mycorrhizal colonisation and growth response in invasive
plants, but invasives were more colonised by mycorrhizal fungi, when grown in direct
competition with natives. Additionally, the spread of alien plants may be inhibited, if
required specific fungal partners are not co-introduced (Pringle et al., 2009).
Relationships with mycorrhizal fungi are of great importance in shaping the ecology

of plant species and plant communities (Hartnett and Wilson, 2002; van der Heijden
et al., 2003; Klironomos et al., 2011), including those invaded by alien species (Callaway
et al., 2004; Hawkes et al., 2006). Incorporating plant mycorrhizal status and other
mycorrhiza-related functional plant traits may thus help to gain further understanding
of the establishment of alien plant species and their invasion success. Three groups of
plant species can be distinguished according to their mycorrhizal status: (1) obligate
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mycorrhizal plant species (OM) that are always colonised by mycorrhizal fungi, (2)
facultative mycorrhizal plant species (FM) that are colonised under some conditions
but not others, and (3) non-mycorrhizal plant species (NM) that are never found to be
colonised by mycorrhizal fungi (Smith and Read, 2008; Moora, 2014). It is important to
note that plant mycorrhizal status and plant mycorrhizal dependency (or responsiveness)
are distinct plant traits not to be confused (Moora, 2014). While mycorrhizal dependency
depicts plant species’ growth response under given conditions, mycorrhizal status does
not give direct information about the functional significance of mycorrhizal colonisation
of the given species’ individuals. It rather refers to the mere presence/absence of fungal
colonisation and can be used as a proxy for estimating the potential importance of
mycorrhizal symbiosis for plants at species level.

The mycorrhizal symbiosis potentially affects the nutrient uptake and carbon economy
of plant species (van der Heijden et al., 2015). Depending on mycorrhizal type, mycorrhizal
fungi can supply up to 90% of plant P uptake (Smith and Smith, 2011a) as well as a
significant amount of plant N uptake (Hobbie and Hobbie, 2008), and consume up to 50%
of a plant’s net primary production (Hobbie and Hobbie, 2008). Therefore, we expect
trade-offs between mycorrhizal status and the expression of other plant traits, which
require further plant investment such as the development of morphological structures
for storage, dispersal or vegetative or sexual propagation (Onipchenko and Zobel, 2000;
Philip et al., 2001; Varga, 2010). Küster et al. (2008) demonstrated that trait interactions
help explain the invasion success of alien plants in Germany, implying that considering
plant ecological strategies improved the explanatory power of their models. However,
these authors did not include mycorrhizal plant traits. Here we test for interactions
between mycorrhizal status and other functional traits on neophyte invasion success in
order to improve the understanding of such potential ecological strategies involving the
symbiosis.

Although Hempel et al. (2013) found that neophytes in the flora of Germany are more
frequently OM in comparison with archaeophyte and native plant species, this cannot
be used to infer about the role mycorrhizal status possibly plays in invasion success, as
the importance of colonisation by mycorrhizal fungi may change with stages of invasion
(Shah et al., 2009; Blackburn et al., 2011). In the present study we aim at answering
the following questions: (1) Do neophyte plant species of the German flora at different
stages of invasion, i.e., (a) casual (non-naturalised) species, (b) species naturalised only
in human-made habitats, and (c) species naturalised also in habitats with (semi)natural
vegetation, differ in their relative frequency of mycorrhizal status? (2) Do these groups of
neophytes differ from archaeophyte and native plant species in their relative frequency
of mycorrhizal status? (3) Are certain combinations of mycorrhizal status and other
functional plant traits underlying invasion success?
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Material and Methods

Plant species distribution data were obtained from FLORKART, a database of the
German Network for Phytodiversity, provided by the German Federal Agency for Nature
Conservation (http://www.floraweb.de). For our analysis we used a grid where the total
area of Germany is divided into cells of 10’ longitude × 6’ latitude (arcminutes, i.e., c.
130 km2) size, resulting in 2995 grid cells. We used the number of occupied grid cells as
proxy for invasion success of each particular neophyte. Therefore, this measure potentially
ranges from 1 to 2995 occupied grid cells.
Information on species status with respect to immigration time (i.e., native, archaeo-

phyte, neophyte species) and stage of invasion, i.e., (a) casual species, that are not a
permanent component of the flora and depend on repeated supply of propagules by
humans for their occurrence in the wild (Richardson et al., 2000a), (b) species natura-
lised only in human-made habitats, and (c) species naturalised also in habitats with
(semi)natural vegetation, were obtained from BiolFlor (Klotz et al., 2002); and so was
the information on plant functional traits (Table 1). In addition to the traits in BiolFlor,
we used nitrogen fixation ability as a supplemental trait, since this trait refers to an
important mutualistic symbiosis besides the formation of mycorrhizas. We assigned a ’yes
– nitrogen fixing’ to all plant species of the Fabaceae family and the genus Alnus and a
’no – not nitrogen fixing’ to all other plant species (Table 1). Plant functional traits were
selected with respect to potential high energy cost of plant species in terms of carbon
and nutrients, which could be supported (in the case of N or P) or inhibited (in the case
of carbon) by the symbiosis.
Information on mycorrhizal status for each plant species - OM, FM or NM - was

taken from the MycoFlor data base (Hempel et al., 2013). In total, we analysed the
invasion success of 266 neophytes of the German flora: 64 plant species were casual,
112 naturalised only in human-made habitats, and 90 also naturalised in habitats with
(semi)natural vegetation. Of the total number of neophytes considered, 180 were OM, 48
FM, and 38 NM. In turn, of the total number of mycorrhizal neophytes (OM and FM),
211 were arbuscular mycorrhizal, 7 ectomycorrhizal, 4 ericoid mycorrhizal, and 6 were
arbuscular and ectomycorrhizal. Besides mycorrhizal status, the availability of plants’
trait information differed among species for the other selected traits (Table 1). We did
not analyse very rare attributes (trait values) that are those with less than ten species in
the group. This resulted in different numbers of species per plant trait (Table 1).
Four questions were tested using G test of goodness of fit with expected extrinsic

frequencies (Sokal and Rohlf, 1995), whether or not (1) neophyte plant species at diffe-
rent stages of invasion differ in their relative frequency of mycorrhizal status from all
neophytes; (2) casual neophytes differ from neophytes naturalised in human-made and/or
(semi)natural habitats; (3) casual neophytes differ from archaeophyte and native plant
species, and (4) neophytes naturalised in human-made habitats and/or (semi)natural
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habitats differ from archaeophyte and native plant species.
As a second step, we used the number of occupied grid cells as response to model

neophyte invasion success, by using plant mycorrhizal status and the additionally selected
plant traits as predictors. We used generalised linear models with negative binomial
error distribution to account for overdispersion and established a model for each of the
functional plant traits, i.e., including both main effects and the interaction of trait and
mycorrhizal status. Due to their common evolutionary history, phylogenetically closely
related species are more likely to be functionally similar compared to more distantly
related species (Felsenstein, 1985; Harvey and Pagel, 1991). We took into account the
phylogenetic relatedness of plant species using the phylogenetic tree DaPhnE provided
by Durka and Michalski (2012). A modification of the approach, originally proposed for
accounting spatial dependencies by Bini et al. (2009), was used to incorporate phylo-
genetic relatedness within the generalised linear models. The triangular phylogenetic
distance matrix was subjected to a principal coordinates analysis (PCoA). The resulting
eigenvectors that jointly explained at least 99% of the phylogenetic distance were regressed
on the residuals of the models. Significant eigenvectors (i.e., phylogenetic filters) were
then added as covariates to each particular model. Moreover, the distribution of alien
plants is correlated with residence time: the longer a species is present in a region, the
more propagules are spread and the probability of establishment and successful spread
increases (Pyšek and Jarošik, 2006; Williamson et al., 2009; Pyšek et al., 2015). To assure
that our analysis is not confounded by residence times of the neophytes considered, we
regressed species’ introduction time on their occupied geographical range. Information on
time of introduction was available for 130 of the 266 from BiolFlor (Klotz et al., 2002).
Residence time did not significantly explain the number of grid cells occupied (Appendix
B: Table B1).
Differences in the mean number of occupied grid cells in Germany among the three

mycorrhizal statuses within each attribute of the plant functional traits were tested by
post-hoc Tukey’s honestly significant differences (Tukey HSD). Furthermore, we con-
ducted an outlier analysis using Cook’s distance (Cook and Weisberg, 1982) to unravel
whether the model results changed, if the plant species with the highest influence on the
particular model outcomes were excluded from each particular analysis. We calculated
Cook’s distance for each of the established trait-interaction models and excluded all plant
species with a Cook’s distance greater than one, while rerunning the particular model
without them. Successive changes in significance levels are reported.

All statistical analyses were performed using the statistical software R (version 3.0.2,
R Development Core Team, 2013), in particular the packages ’ape’ (Paradis et al., 2004),
’lsmeans’ (Lenth and Hervë, 2015), ’MASS’ (Venables and Ripley, 2002), and ’multcomp’
(Hothorn et al., 2008). Interaction plots were made with the help of ’ggplot2’ (Wickham,
2009).
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Table 1: Summary of selected functional plant traits for modelling invasion success in interaction
with plant mycorrhizal status.

functional trait value no. of
species

growth form woody; non-woody 266
storage organ (existence) yes; no 266

storage organ none; pleiocorm; rhizome; runner;
variable 239

root metamorphoses (existence) yes; no 266

root metamorphoses none; root shoot; primary
storage root 262

shoot metamorphoses (existence) yes; no 266
shoot metamorphoses none; pleiocorm; rhizome; runner 238
vegetative propagation and
dispersal (existence) yes; no 266

vegetative propagation and
dispersal none; rhizome; runner; variable 226

reproduction strategy
predominantly via seeds; seeds
and vegetative; predominantly
vegetative

266

life span annual; perennial; variable 260

leaf persistence summer green; overwintering
green; persistent green 243

nitrogen fixation ability yes; no 266

For details on traits (except nitrogen fixation ability) see Klotz et al. (2002). Pleiocorm: system of
compact, perennial shoots occurring at the proximal end of the persistent primary root. Rhizome:
transformed shoot growing subterraneously or close to the soil surface, mostly thickened with
short internodes with adventitious roots. Runner: usually lateral shoots with long, thin internodes
and adventitious roots; severance from the mother plant causes the formation of individual ramets.
Traits referring to storage organs and shoot metamorphoses share most of their trait values but
do not necessarily need to be the same, e.g., rhizomes can be shoots and storage organs but not
every rhizome is a storage organ (see Appendix A: Figure A1 for trait correlations).

Results

Neophyte plant species at different stages of invasion did not differ in their relative
frequency of mycorrhizal status from all neophytes (G=2.5, df=6, p=0.87; Appendix C:
Figure C1); neither did casual neophytes differ from naturalised in this respect (G=1.44,
df=2, p=0.49; Appendix C: Figure C1). Casual neophytes significantly differed in their
relative frequency of mycorrhizal status from archaeophytes (G=7.24, df=2, p=0.03;
Appendix C: Figure C2) and native species (G=6.45, df=2, p=0.04; Appendix C: Figure
C2), in both cases by being more frequently OM and less frequently FM. Naturalised
neophytes significantly differed from archaeophytes (G=13.9, df=2, p<0.01; Appendix C:
Figure C3) and native species (G=28.02, df=2, p<0.001; Appendix C: Figure C3) by
being more frequently OM and less frequently FM.
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Mycorrhizal status had a significant effect on the number of occupied grid cells including
all 266 species (df=2, deviance=7.4, p=0.02; Appendix D: Table D1) in a phylogenetically
informed generalised linear model. The subsequent post-hoc test revealed that FM neo-
phytes occupied a significantly greater number of grid cells than NM neophytes (p<0.01).
Similarly, OM neophytes tended to occupy a greater number of grid cells compared to
NM neophytes (p=0.08), whereas FM species did not differ from OM in this respect
(p=0.19). Apart from growth form (df=1, deviance=7.7, p<0.01), with grasses and herbs
occupying a significantly greater number of grid cells compared to shrubs and trees, none
of the functional plant traits significantly explained the number of occupied grid cells in
a single-trait model (Appendix D: Table D1). However, we found significant interactions
between mycorrhizal status and nine out of 13 additional traits, excluding the existence
of root metamorphoses, reproduction strategy, leaf persistence, and nitrogen fixation
ability (Table 2).

Results of Tukey HSD post-hoc analysis revealed that neophytes with storage organs,
shoot metamorphoses or specialised structures promoting vegetative dispersal and pro-
pagation, occupied more grid cells if being FM (Figure 1 and Table 3). In particular,
rhizomatous FM species exhibited a positive association with the number of grid cells
occupied. Among perennial and non-woody (i.e., herb and grass) species, FM ones were
more successful. For woody (shrub and tree) species and plant species with variable types
of life span, OM neophytes occupied the highest number of grid cells and the same was
true for those with primary storage root as type of root metamorphoses (Figure 1 and
Table 3).

Table 2: Results of phylogenetically informed generalised linear models explaining the number of
occupied grid cells as a proxy for invasion success. Displayed are the error probabilities for
the main effect of mycorrhizal status, the main effect of the corresponding additional selected
plant trait, and their interaction for each trait-interaction model.

variable df deviance p

GROWTH FORM
growth form 1 5.9 0.01
mycorrhizal status 2 7.5 0.02
growth form × mycorrhizal status 2 6.8 0.03

STORAGE ORGAN (EXISTENCE)
storage organ (existence) 1 0.4 ns
mycorrhizal status 2 7.8 0.02
storage organ (existence) × mycorrhizal status 2 9.8 0.007

continued on next page
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variable df deviance p

STORAGE ORGAN
storage organ 4 5.8 ns
mycorrhizal status 2 10.1 0.006
storage organ × mycorrhizal status 8 17.5 0.03

ROOT METAMORPHOSES (EXISTENCE)
root metamorphoses (existence) 1 0.2 ns
mycorrhizal status 2 7.4 0.02
root metamorphoses (existence) × mycorrhizal status 2 0.9 ns

ROOT METAMORPHOSES
root metamorphoses 2 0.5 ns
mycorrhizal status 2 5.5 ns
root metamorphoses × mycorrhizal status 4 9.8 0.04

SHOOT METAMORPHOSES (EXISTENCE)
shoot metamorphoses (existence) 1 0.2 ns
mycorrhizal status 2 7.8 0.02
shoot metamorphoses (existence) ×
mycorrhizal status 2 12.5 0.002

SHOOT METAMORPHOSES
shoot metamorphoses 3 0.8 ns
mycorrhizal status 2 8.6 0.01
shoot metamorphoses × mycorrhizal status 6 13.5 0.04

VEGETATIVE DISPERSAL (EXISTENCE)
vegetative dispersal (existence) 1 0.3 ns
mycorrhizal status 2 7.6 0.02
vegetative dispersal (existence) ×
mycorrhizal status 2 9.5 0.009

VEGETATIVE DISPERSAL
vegetative dispersal 3 2.9 ns
mycorrhizal status 2 7 0.03
vegetative dispersal × mycorrhizal status 6 19.2 0.004

REPRODUCTION STRATEGY
reproduction strategy 2 1.2 ns
mycorrhizal status 2 7.6 0.02
reproduction strategy × mycorrhizal status 4 9.3 ns

continued on next page
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variable df deviance p

LIFE SPAN
life span 2 1.2 ns
mycorrhizal status 2 7 0.03
life span × mycorrhizal status 4 15.4 0.004

LEAF PERSISTENCE
leaf persistence 2 4.7 ns
mycorrhizal status 2 6.9 0.03
leaf persistence × mycorrhizal status 4 2.5 ns

NITROGEN FIXATION ABILITY
nitrogen fixation ability 1 0 ns
mycorrhizal status 2 7.4 0.02
nitrogen fixation ability × mycorrhizal status 2 1.6 ns

Rows in bold indicate a significant error probability pf p≤0.05. P-values in italic indicate that this term

was no longer significant after excluding plant species that were selected by Cook’s distance (Cook and

Weisberg, 1982) as most influential.
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Table 3: Results of the Tukey-post-hoc test following the generalised linear models explaining the
number of occupied grid cells. Displayed are the plant functional traits that showed significant
interaction effects with mycorrhizal status only (Table 2). A plus sign indicates a significantly
higher, a minus sign a significantly lower number of occupied grid cells within each row of the
table (Freeman Tukey test: p≤0.05).

mycorrhizal status
traits OM FM NM

growth form
non-woody - + -

woody + ns -
storage organ (existence)

yes - + -
no ns ns ns

storage organ
none ns ns ns

pleiocorm ns ns ns
rhizome - + -
runner ns ns ns
variable ns ns ns

root metamorphoses
none - + ns

primary storage root + - ns
root shoot ns ns ns

shoot metamorphoses (existence)
yes - + -
no ns ns ns

storage organ
none ns ns ns

pleiocorm ns ns ns
rhizome - + -
runner ns ns ns

vegetative dispersal (existence)
yes - + ns
no ns ns ns

vegetative dispersal
none ns ns ns

rhizome - + -
runner ns ns ns
variable - ns +

life span
annual ns ns ns

perennial - + -
various + - ns

number of positive associations 3 9 1
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Figure S3: Interaction plots for significant two-way interactions between mycorrhizal status and
the shown plant functional traits (Table 2); dashed line - OM, solid line - FM, dotted line -
NM. Displayed are the least-squares means (± standard error) per each trait value interaction.
Traits referring to storage organs and shoot metamorphoses share most of their trait values
but do not necessarily need to be the same, e.g., rhizomes can be shoots and storage organs
but not every rhizome is a storage organ (see Appendix A: Figure A1 for trait correlations).

Discussion

Our results indicate that being mycorrhizal promotes the invasion success of alien plant
species in Germany. This is supported by FM neophytes showing a significantly higher
invasion success than NM plant species, and OM neophytes tending towards higher
invasion success compared to NM species. Moreover, we found significant interactions
between neophyte mycorrhizal status and nine out of 13 functional plant traits. This
emphasises the importance of mycorrhizal status in understanding alien plant invasion.
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Although neophytes were previously shown to be more likely OM than native and
archaeophyte species in Germany (Hempel et al., 2013), this mycorrhizal status does
not particularly promote invasion success in terms of occupied geographical range. OM
and FM neophytes did not differ in terms of occupied geographical range in Germany.
However, in interaction with other functional traits, being FM appears to promote
invasion success (Table 3). We conclude that being mycorrhizal (OM or FM) is important
for the establishment and persistence of neophytes in the new environment and constitutes
a competitive advantage compared to NM plants, especially in the early stage of invasion.
Being FM seems to be advantageous for a successful spread across a large geographical
range and a potential sustainment over a longer time period, as the flexibility of FM plants
regarding the mycorrhizal symbiosis may enable a broader set of ecological strategies. This
is supported by our finding that the relative frequency of neophytes mycorrhizal status
did not differ among neophytes at different stages of invasion (casuals against naturalised
neophytes; Figure S2), but compared to archaeophyte and native plant species; with the
latter showing higher proportions of FM plant species (Figure S3).

Seedling establishment is promoted by the presence of mycorrhizal symbionts (van der
Heijden, 2004; Wurst et al., 2011; Koorem et al., 2012). Following that, mycorrhizal
aliens potentially have quick access to common mycorrhizal networks (Barto et al., 2012).
Alien plants may profit from additional nutrient (Koide, 1991) and water availability
(Augé, 2001) at relatively low energy cost, since they do not need to invest into the
construction of the existing network at the early stage of establishment. Consequently,
resident mycorrhizal networks may serve as an alternative supplier of nutrients and water
from a relatively larger soil volume than an independent non-mycorrhizal seedling could
afford. Hence, mycorrhizal plant species may obtain a competitive advantage compared
to non-mycorrhizal alien plant species. By mediating seedling survival of introduced
species, mycorrhizal fungi do have the potential to determine whether an alien plant
species persists until a second factor occurs (e.g., an disturbance event) that weakens the
competitive strength of natives (Hobbs and Huenneke, 1992) and may allow successful
spread. The great majority of mycorrhizal neophytes in our analysis are involved in an
arbuscular mycorrhizal relationship (93%), pointing at differences in the establishment of
neophyte plant species based on their mycorrhizal type. The AM symbiosis is relatively
non-specific in terms of both plant and fungal partners (Moora et al., 2011) and taxa
of AM fungi are known to be globally distributed (Davison et al., 2015). Contrary to
ectomycorrhizal plants, for which the lack of symbionts is suggested to act as a barrier
(Richardson et al., 2000b; Nuñez et al., 2009), the availability of a fungal partner should
not constrain the establishment of alien plants in new environments when they are
engaged in an arbuscular mycorrhiza. Nevertheless, the numbers of ectomycorrhizal and
ericoid plant species considered in this approach were too small to conduct an additional
analysis to gain insights into differences between neophytes associated with different
mycorrhizal types. This indicates that our findings are transferable to other regions,
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as Fitter (2005) found alien plant species to be more likely from plant families that
typically associate with mycorrhizal fungi, compared to the native flora of Great Britain
– similar to the starting point of our analysis. The contrasting conclusions of Pringle et al.
(2009) for alien plants in California might be due to different evolutionary histories of the
particular alien floras, especially regarding the strong and long-time exposure of aliens of
European origin to intensive agriculture (i.e., North-American aliens; La Sorte and Pyšek,
2009; Seifert et al., 2009). Yet, we do not know an assessment of alien plants’ invasion
success in North America that is similar to our approach and it therefore remains to be
investigated whether our results are similarly relevant for this and other geographical
regions. Moreover, additional investigation and discussion is needed to disentangle why
many more neophytes in Germany are OM and not FM (Hempel et al., 2013), although
they do not significantly differ in their invasion success. Possible qualitative differences
in responsiveness towards mycorrhizal fungi between OM and FM species, especially in
the stage of seedling establishment, will be worth further investigations.

The mycorrhizal symbiosis potentially affects the nutrient uptake and carbon economy
of plant species (van der Heijden et al., 2015). Depending on mycorrhizal type, mycorrhizal
fungi can supply up to 90% of plant P uptake (Smith and Smith, 2011a) as well as a
significant amount of plant N uptake (Hobbie and Hobbie, 2008), and consume up to
50% of a plant’s net primary production (Hobbie and Hobbie, 2008). Therefore, despite
the benefits plants gain from the symbiosis, there is cost in terms of the carbon provided
to the fungal partner. This exchange, although highly variable in its specificity, suggests
trade-offs between mycorrhizal status and the expression of other functional plant traits
which require further plant investment. Nevertheless, such trade-offs have rarely been
tested according to our knowledge (but see Onipchenko and Zobel, 2000; Philip et al.,
2001; Varga, 2010). Our study is one of the first to actually demonstrate the significance of
interactions between mycorrhizal status and functional plant traits related to morphology,
reproduction, and life-history in association with invasion success. Küster et al. (2008)
showed that trait interactions help understanding the invasion success of alien plant
species, as different combinations of traits and therefore different ecological strategies can
facilitate the invasion process. Our analysis reveals the importance of the symbiosis for
such strategies and therefore extends their work. Our findings suggest that FM neophytes
show a significantly higher invasion success compared to NM and OM neophytes when
comparison is made between species with additional morphological structures for storage,
propagation, and dispersal as well as rhizomatous species or species with longer life span
(Figure 1 and Table 3). This suggests that the flexibility of carbon investments for FM
neophytes, with respect to their mycorrhizal strategy, may be a crucial advantage for
plants in combination with this high energy cost characteristics. Assuming that FM plant
species are able to regulate their mycorrhizal association with changing abiotic or biotic
conditions (Grman, 2012; Grman et al., 2012), this may allow different plant strategies
independent of the symbiosis, including the development of such additional structures.

58



This potentially explains the results of Hempel et al. (2013) – showing that FM species
show wider ecological amplitudes and occupy larger geographical ranges – by adding plant
traits to the analysis and therefore depicting a more versatile range of ecological strategies
available for FM plants. OM and NM neophytes lack this flexibility in their mycorrhizal
association. However, the (nutritional or other) benefits gained from the symbiosis seem
to exceed the (carbon) costs, as our results indicate that OM neophytes occupy a larger
geographical range than NM neophytes. Nevertheless, as plant mycorrhizal status does not
give direct information about mycorrhizal dependency or responsiveness (Moora, 2014),
further investigation is needed to understand the physiological mechanisms underlying
the trade-offs as well as the ability of FM plant species to modify their mycorrhizal status
with local abiotic and biotic conditions.

Although the mycorrhizal symbiosis has been in the focus of invasion biologists for a
while (Richardson et al., 2000b; Reinhart and Callaway, 2006; Pringle et al., 2009; Shah
et al., 2009; Bunn et al., 2015), we do not know any study combining plant mycorrhizal
status with other functional plant traits related to morphology, reproduction, and life-
history which is similar to our approach. We encourage using mycorrhizal status and
related mycorrhizal plant traits in further analyses of invasion success of alien plant
species. Including root traits (Maherali, 2014; Yang et al., 2015), introducing three-
way-interactions, e.g., with above- and belowground herbivory (Barto and Rillig, 2010;
Kempel et al., 2013), and/or understanding traits of mycorrhizal fungi themselves (Öpik
and Moora, 2012; Koide et al., 2014; Aguilar-Trigueros et al., 2014, 2015) will enhance
the functional understanding of alien plant invasion and will be a fruitful extension to
understand the role of the symbiosis in this context.
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Figure A1: Dendrogram illustrating correlations of the functional traits next to mycorrhizal
status, resulting of a cluster analysis based on a Gower’s pairwise dissimilarity distance and
agglomerative hierarchical clustering. The dendrogram was built using the package ’cluster’
(Mächler et al., 2013) in R (version 3.0.2, R Development Core Team, 2013).

60



Table B1: Summary of the negative binomial generalised linear models with introduction time as
predictor and number of occupied grid cells as response variable. As information on neophytes’
introduction time was heterogeneous, i.e. a definite year for some species (e.g., 1912) or the
century of introduction for other species (e.g., 17th century), we created two variables to account
for introduction time: (model m1 ) a categorical variable containing the century of introduction (5
trait values: 16th to 20th century), (model m2 ) a continuous variable containing the definite year;
if introduction time was given as century of introduction, the year was coded as the 50th year of
the particular century (e.g., 17th century → 1650). Both variables were tested in separate models.

variable df deviance p

model m1
introduction time (categorical) 4 3.0 0.55
model m2
introduction time (continuous) 1 0.02 0.87

Asterisks indicate results with *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.05, ***p ≤ 0.001.
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Figure C1: Observed and expected frequencies of mycorrhizal status for casual neophytes, neophy-
tes naturalised only in human-made habitats, and neophytes naturalised also in habitats with
(semi)natural vegetation. Values above bars are counts (number of plant species). Expected
frequencies are based on the observed values for all neophytes and do not significantly differ
from the observed values pooled across all mycorrhizal statuses (G=2.5, df=6, p=0.87)

62



expected

observed

0
10

20
30

40
50

casuals against naturalised44

40

11 12

8

12

co
un

ts
 (

nu
m

be
r 

of
 s

pe
ci

es
)

0
10

20
30

40
50

casuals against archaeophytes

34

40

23

12

7

12

OM FM NM
MYC status

0
10

20
30

40
50

casuals against natives

32

40

21

12
10

12

Figure C2: Observed and expected frequencies of mycorrhizal status for casual neophytes compared
to (1) naturalised neophytes (naturalised in human-made habitats and/or (semi)natural
vegetation), (2) archaeophyte plant species, and (3) native plant species. Values above bars are
counts (number of plant species). Expected frequencies are based on the observed values (1) for
naturalised neophytes (naturalised in human-made habitats and/or (semi)natural vegetation)
and do not significantly differ from these values pooled across all mycorrhizal statuses (G=1.44,
df=2, p=0.49), (2) for archaeophytes and do significantly differ from these values (G=7.24,
df=2, p=0.03) and (3) for natives and do significantly differ from these values (G=6.45, df=2,
p=0.04).
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Figure C3: Observed and expected frequencies of mycorrhizal status for (1) naturalised neophytes
(naturalised in human-made habitats and/or (semi)natural vegetation) compared to archaeo-
phyte plant species; (2) naturalised neophytes (naturalised in human-made habitats and/or
(semi)natural vegetation) compared to natives. Values above bars are counts (number of plant
species). Expected frequencies are based on the observed values (1) for archaeophytes and
do significantly differ from these values (G=13.9, df=2, p<0.01), and (2) for natives and do
significantly differ from these values (G=28.02, df=2, p<0.001).
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Table D1: Results of the phylogenetically informed single trait generalised linear models with
number of occupied grid cells as response variable; in each model the particular functional trait
served as independent variable together with the pre-selected phylogenetic principal coordinates.
Results for phylogenetic covariates are not presented.

variable df deviance p

mycorrhizal status 2 7.4 0.02**
growth form 1 7.7 0.005**
storage organ (existence) 1 0.9 0.35
root metamorphoses (existence) 1 0.3 0.59
shoot metamorphoses (existence) 1 0.8 0.37
reproduction strategy 2 2.3 0.31
vegetative dispersal and propagation
(existence) 1 0.6 0.42

nitrogen fixation ability 1 0 0.88
life span 2 0.6 0.76
leaf persistence 2 2.7 0.25
storage organ 4 7.2 0.13
root metamorphoses 2 0.6 0.75
shoot metamorphoses 3 1.6 0.65
vegetative dispersal and propagation 3 2.4 0.5

Asterisks indicate results with *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.05, ***p ≤ 0.001.
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CHAPTER 4: Trait Interactions Reveal Differences in
Arbuscular Mycorrhizal Associations Between Native and
Alien Plant Species

Abstract

It is still debated whether alien plants benefit from being mycorrhizal and whether wide-
spread alien plants differ in their association with mycorrhizal fungi from widespread
native plants. Here, we compare whether species differing in their floristic status (natives,
archaeophytes, neophytes) and arbuscular mycorrhizal status (obligate, facultative, non-
mycorrhizal) differ in their area of occupancy in Germany. We used generalised linear
models to explain the area of occupancy in Germany. To this end, we incorporated main
effects as well as three-way interactions combining arbuscular mycorrhizal status, floristic
status, and plant functional traits. The latter were chosen with respect to potential high
energy costs, which could be supported (in the case of N and P) or inhibited (in the
case of carbon) by the symbiosis. Arbuscular mycorrhizal status significantly explained
the area of occupancy of natives and neophytes, with facultative mycorrhizal species
occupying the largest area in both groups. This relationship was absent in archaeophytes.
Significant trait interactions between mycorrhizal status and other plant traits were
almost exclusively detected for neophytes. Whereas facultative mycorrhizal neophytic
species benefit from trade-offs with other traits related to high carbon cost, such trade-
offs are almost absent from natives. This indicates that natives and neophytes benefit
differently from the symbiosis and that the benefits received by natives are independent
of carbon allocation.

Keywords: alien plants, biological invasion, Central Europe, floristic status, functional
traits, MycoFlor, mycorrhizal status, trait interactions
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Introduction

With increasing concern about invasive alien plant species’ effects on native plant spe-
cies, communities, ecosystems as well as their economic consequences (Vilà et al., 2010,
2011; Simberloff et al., 2013), there has been increasing interest in studying processes
and mechanisms underlying successful invasions. Next to the susceptibility of an ecosy-
stem (invasibility), the invasion success of alien plant species depends on species’ traits
(invasiveness; Lonsdale, 1999). The integration of biotic interactions (Mitchell et al.,
2006) and particularly mutualistic associations (Richardson et al., 2000b; Traveset and
Richardson, 2014; Aslan et al., 2015) to frameworks assessing alien plant invasions has
gained increased interest, as they help bridging invasibility (facilitated by mutualists of
the receiving habitat) and invasiveness (exerted by introduced mutualists). The large
majority of terrestrial plant species is associated with arbuscular mycorrhizal fungi (AMF;
Smith and Read, 2008; Brundrett, 2009) and it has been demonstrated that AMF are of
great importance in shaping the ecology of plant species and plant communities (van der
Heijden et al., 2003; Callaway et al., 2004; Klironomos et al., 2011). Therefore, interest in
the arbuscular mycorrhizal symbiosis has emerged in the context of alien plant invasions
(Pringle et al., 2009; Shah et al., 2009; Bunn et al., 2015). This was facilitated by the
publications of comprehensive data sets compiling information on plants and whether
they form mycorrhizal associations (Wang and Qiu, 2006; Akhmetzhanova et al., 2012;
Hempel et al., 2013) as well as conceptualising plant mycorrhizal traits, including plant
mycorrhizal status (Moora, 2014). In this study, we classify plant species according to
their arbuscular mycorrhizal status: (1) obligate mycorrhizal plant species (OM) that are
always colonised by arbuscular mycorrhizal fungi, (2) facultative mycorrhizal plant species
(FM) that are colonised under some conditions but not others, and (3) non-mycorrhizal
plant species (NM) that are never found to be colonised by mycorrhizal fungi (Smith
and Read, 2008; Moora, 2014).
It is an ongoing debate whether alien plants benefit from being mycorrhizal or if

engaging in the symbiosis constrains their establishment and spread in new regions
(Pringle et al., 2009; Shah et al., 2009; Bunn et al., 2015). Whereas small-scaled field
studies report the majority of alien plant species to be mycorrhizal (Štajerová et al.,
2009; Moora et al., 2011; Nuñez and Dickie, 2014), the functional significance of the
mycorrhizal association on invasion success remains either unknown or is seen as highly
context-dependent (Johnson et al., 1997; Klironomos, 2003; Hoeksema et al., 2010). In a
meta-analysis, Bunn et al. (2015) did not find a positive correlation between arbuscular
mycorrhizal colonisation and growth response in invasive plants, but invasives were more
strongly colonised by mycorrhizal fungi when grown in direct competition with natives.
Studies including a larger number of species remain scarce or yield ambiguous results.
Fitter (2005) found alien plant species to be more likely from families that typically
associate with mycorrhizal fungi compared to the native flora of Great Britain. Pringle
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et al. (2009) reported an opposite pattern for alien plant species in California. Concerning
the German flora, Hempel et al. (2013) showed that neophyte plant species (i.e., those
aliens species introduced after the year 1500; Pyšek et al., 2004) are more frequently
OM compared to archaeophytes (introduced before the year 1500) and native species.
Using the same data set, Menzel et al. (chapter 3) found that the mycorrhizal status
significantly explained the invasion success of neophyte plant species in Germany. Their
results indicated that being mycorrhizal (OM and FM) is important for the establishment
of neophyte plants in the new environment, most likely as being involved in the symbiosis
promotes seedling establishment (van der Heijden, 2004; Wurst et al., 2011; Koorem et al.,
2012), and constitutes a competitive advantage over non-mycorrhizal plants (Fumanal
et al., 2006; Sun and He, 2010; Chmura and Gucwa-Przepióra, 2012). The arbuscular
mycorrhizal symbiosis potentially affects nutrient uptake and carbon economy of plant
species. AMF can supply up to 90% of plant P uptake, up to 20% of plant N uptake,
and consume a significant amount of plant’s net primary production (van der Heijden
et al., 2015, and references therein). Hence, despite the benefits plants gain from the
symbiosis, there is cost in terms of carbon provided to the fungal partner. Thus, trade-offs
between mycorrhizal status and the expression of other plant traits can be expected (Peat
and Fitter, 1993; Reinhart et al., 2012). In fact, Menzel et al. (chapter 3) demonstrated
that being FM is beneficial for successful spread and persistence of neophytes, as the
advantage to flexibly choose the strategy or property to invest in enables a broader set of
available ecological strategies, i.e., it allows additional high energy cost plant strategies
such as the development of storage organs, rhizomes or a perennial life span.

Based on the analysis by Menzel et al. (chapter 3), we aim at increasing the generality
of trade-offs between arbuscular mycorrhizal status and other plant functional traits. To
this end, we extended the set of plant traits in the respective study by the following traits.
We included plants’ functional group, as it was suggested that differences in functional
group influence plant-soil feedbacks and invasion trajectories rather than plants’ floristic
status (Meisner et al., 2014; Bunn et al., 2015). We especially aimed to include root traits,
as the plant-root interface is the direct link between the mycorrhizal symbionts. It has
been shown that plant species with thick and slow-growing roots, abundantly covered
with root hairs are known to rely much more on mycorrhizal fungi, than plants with fine,
fast-growing, and less root-hair covered roots (Hetrick et al., 1992; Peat and Fitter, 1993;
McCormack et al., 2014). Moreover, plant species with tap root architecture were reported
to be more dependent on the symbiosis than plants with fibrous root systems (Marler
et al., 1999; Yang et al., 2015), indicating that highly branched roots and mycorrhizal
fungi are alternative strategies for absorbing nutrients (Wilson and Hartnett, 1998). We
included plants species’ seed dry mass, as NM species were reported to produce smaller
seeds (Peat and Fitter, 1993) and we therefore expect competing carbon costs between
retention of the symbiosis and the production of larger and heavier seeds. Lighter seeds
may positively affect dispersal rates of wind dispersed plants (Greene and Johnson, 1993;
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Skarpaas et al., 2011) whereas germination and establishment success were shown to
jointly increase with seed mass (Turnbull et al., 1999, 2004; Moles and Westoby, 2004).
Following the same argumentation, we included trait information concerning the existence
of seed appendages as well as seedling vigour, as both traits represent a more or less
plant investment in nutrient reserves. We included specific leaf area (SLA), as it is tightly
correlated with plants’ photosynthetic capacity (Wright et al., 2004; Shipley et al., 2006)
and provides information about a plant’s ability to acquire resources (cf. Lavorel and
Grigulis, 2012). This most likely affects the allocation of photosynthates to mycorrhizal
fungi. The same is true for including plant growth rate, as taller plants invest more carbon
to increase their height and have a generally slower metabolism, potentially affecting the
symbiosis. In turn, one of the known physiological plant responses to inoculation with
AMF is an increased size (Hoeksema et al., 2010). In general, high values of SLA and
plant growth rate are associated with a high plant performance in terms of physiology
and fitness and are shown to be characteristics of invasive alien plants (van Kleunen
et al., 2010; Pyšek et al., 2015). Lastly, we aimed to include the ability of a plant species
to defend itself chemically. Gange and West (1994) suggested that AMF colonisation
can alter plants’ carbon and nutrient balance in such a way that it leads to an increased
allocation to carbon-based defence mechanisms. Contrastingly, De Deyn et al. (2009)
reported that genotypes of Plantago lanceolata, which were better chemically defended
against root herbivory, were less colonised by AMF than less chemically defended geno-
types. Therefore, the production of allelochemicals for plant defence may either benefit
or suffer from engagement in the symbiosis and thereby may affect a plant’s area of
occupancy by reducing or increasing above- or belowground herbivory.
Invasion ecologists are still debating, whether widespread alien plant species differ

in their characteristics from widespread native plant species or if they are functionally
similar (van Kleunen et al., 2010; Davis et al., 2011; Knapp and Kühn, 2012). There
are two possible scenarios concerning the arbuscular mycorrhizal status of plants: (1)
the trait interactions indicating trade-offs in carbon allocation strategies (Menzel et al.,
chapter 3) are specific for neophytes, which would emphasise a peculiar association with
mycorrhizal symbionts in recently introduced alien plant species and may explain the
differences in composition of mycorrhizal status between natives, archaeophytes and
neophytes in Germany (Hempel et al., 2013), (2) the reported trait interactions are
consistent across all plant species independent of their floristic status and therefore depict
general trade-offs. This is supported by the perception that FM plant species show the
largest area of occupancy in neophytes (Menzel et al., chapter 3) as well as across all
plant species in Germany for which their mycorrhizal status is known (Hempel et al.,
2013). Yet, this was not tested for native and archaeophyte species separately. To this end,
we analyse whether or not the area of occupancy of native, archaeophyte, and neophyte
plant species in Germany is similarly affected by their arbuscular mycorrhizal status as
well as associated trait interactions related to carbon allocation strategies.
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Material and Methods

Plant species distribution data were obtained from FLORKART, a database of the
German Network for Phytodiversity, provided by the German Federal Agency for Nature
Conservation (http://www.floraweb.de). For our analysis we used a grid where the total
area of Germany is divided into cells of 10’ longitude × 6’ latitude (arcminutes, i.e., c.
130 km2) size, resulting in 2995 grid cells. We used the number of occupied grid cells as
proxy for area of occupancy for each plant species. Therefore, this measure potentially
ranges from 1 to 2995 occupied grid cells.

Information on mycorrhizal status for each plant species - OM, FM or NM - was taken
from the MycoFlor data base (Hempel et al., 2013). It is important to note that plant
mycorrhizal status and plant mycorrhizal dependency (or responsiveness) are distinct
plant traits not to be confused (Moora, 2014). While mycorrhizal dependency depicts plant
species’ growth response under given conditions, mycorrhizal status does not give direct
information about the functional significance of mycorrhizal colonisation of the given
species’ individuals. It rather refers to the mere presence/absence of fungal colonisation
and can be used as a proxy for estimating the potential importance of the mycorrhizal
symbiosis for plants at species level. Although MycoFlor contains information on a range
of mycorrhizal associations, we restricted the analysis to symbioses involving AMF, as
they are the most cosmopolitan and largest group represented in MycoFlor. Furthermore,
neophyte plant species in Germany are predominantly arbuscular mycorrhizal (Menzel et
al., chapter 3). Therefore, restricting the analysis to plant species forming an arbuscular
mycorrhizal symbiosis helps to avoid confounding effects, while comparing species with
different floristic status. We assigned the NM status to strictly non-mycorrhizal plant
species, i.e., non-arbuscular mycorrhizal species that may form dual symbiotic relationships
with other mycorrhiza types (e.g., ecto- or ericoid mycorrhiza) were excluded. Information
on species’ floristic status, i.e., native, archaeophyte or neophyte was obtained from
BiolFlor (Klotz et al., 2002). Finally, we analysed the number of occupied grid cells of
1462 plant species of which 1084 were natives, 129 archaeophytes, and 249 neophytes.

Information on plant traits was obtained from TRY, a compilation of worldwide trait
data bases (Kattge et al., 2011). We aimed for selecting data bases originating from
Europe, as they should represent the German flora in a sound way (Table 1; including
source data based included in TRY). Furthermore, we aimed for not merging trait
information from different data sources, as the import in TRY does not guarantee similar
protocols of trait measurements across data bases (Kattge et al., 2011). We preferentially
selected these data bases, which contained information of the largest number of plant
species in MycoFlor, i.e., the most information per particular plant trait. Prior to the
analysis we assessed the availability of information of each plant functional trait and
each floristic status group and decided which traits were included in the analysis based
on their particular availability of trait information. Due to the lack in availability of
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trait information, we did not include the plant functional traits root type, rooting depth,
seedling vigour, and availability of chemical plant defence (Table 1). We did not analyse
very rare attributes (i.e., trait values) that are those with less than ten species in each
group of plants with different floristic status. This resulted in different numbers of species
per plant trait (Table 1).
We used the number of occupied grid cells in Germany as response to model the

area of occupancy and chose generalised linear models with negative binomial error
distribution to account for overdispersion. We established a model for each of the plant
functional traits, including the three-way interaction of arbuscular mycorrhizal status,
floristic status, and the particular trait. Therefore, the three main effects and all possible
two-way interactions were included. Each model was reduced to the simplest possible
model, i.e., interaction effects were removed in a backward selection process based on error
probabilities or being included in a significant higher-order trait interaction. Furthermore,
we split the data set by plants’ floristic status and analysed the resulting three data sets
separately, as the unbalanced number of native, archaeophyte, and neophyte species may
superpose significant interaction terms in each group. Thereby, we included the two-way
interaction of arbuscular mycorrhizal status and the particular plant trait. For each of
the three separated data sets, differences in the mean number of occupied grid cells in
Germany among the three mycorrhizal statuses within each attribute of categorical plant
functional traits were tested by post-hoc Tukey’s honestly significant differences (Tukey
HSD).
Due to their common evolutionary history, phylogenetically closely related species

are more likely to be functionally similar compared to more distantly related species
(Felsenstein, 1985; Harvey and Pagel, 1991). We took into account the phylogenetic
relatedness of plant species by using the phylogenetic tree DaPhnE provided by Durka
and Michalski (2012). A modification of the approach, originally proposed for accounting
spatial dependencies by Bini et al. (2009) was used to incorporate phylogenetic relatedness
within each generalised linear models. The triangular phylogenetic distance matrix was
subjected to a principal coordinates analysis (PCoA). The resulting eigenvectors that
jointly explained at least 99% of the phylogenetic distance were regressed on the residuals
of the models. Significant eigenvectors (i.e., phylogenetic filters) were then added as
covariates to each particular model. All statistical analyses were performed using the
statistical software R (version 3.0.2, R Development Core Team 2013), in particular
the packages ’ape’ (Paradis et al., 2004), ’lsmeans’ (Lenth and Hervë, 2015), ’MASS’
(Venables and Ripley, 2002), and ’multcomp’ (Hothorn et al., 2008).
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Table 1: Summary of selected functional plant traits: n - number of species for which trait information is available (rare trait values, i.e., trait values
occurring less than ten times, are not excluded here); nat% - percentage of missing native species information; arc% - percentage of missing
archaeophyte species information; neo% - percentage of missing neophyte species information. The last column indicates whether the functional trait
was selected for modelling the area of occupancy in three-way and two-way interactions with plant mycorrhizal status and floristic status or whether
it was excluded due to the lack of information. Traits referring to storage organs and shoot metamorphoses share most of their trait values but do not
necessarily need to be the same, e.g., rhizomes can be shoots and storage organs but not every rhizome is a storage organ (see Appendix Figure S1
for trait correlations).

functional trait values unit n nat% arc% neo% references selected

growth form non-woody; woody - 1462 0 0 0 BiolFlor (Klotz et al., 2002) X
functional group fern; forb; grass; rush; sed-

ge; shrub/tree
- 1462 0 0 0 - X

storage organ (existence) yes; no; - 1462 0 0 0 BiolFlor (Klotz et al., 2002) X
storage organ bulb; none; pleiocorm1;

primary storage root;
rhizome2; root tuber;
runner3; tuft; variable

- 1462 0 0 0 BiolFlor (Klotz et al., 2002) X

root metamorphoses
(existence)

yes; no; - 1462 0 0 0 BiolFlor (Klotz et al., 2002) X

root metamorphoses none; primary storage root;
root shoot; root tuber

- 1462 0 0 0 BiolFlor (Klotz et al., 2002) X

shoot metamorphoses
(existence)

yes; no; - 1462 0 0 0 BiolFlor (Klotz et al., 2002) X

shoot metamorphoses bulb; none; pleiocorm1;
rhizome2; runner3; variable

- 1462 0 0 0 BiolFlor (Klotz et al., 2002) X

continued on next page
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functional trait values unit n nat% arc% neo% references selected

vegetative propagation and
dispersal (existence)

yes; no; - 1462 0 0 0 BiolFlor (Klotz et al., 2002) X

vegetative propagation and
dispersal

bulb; none; pleiocorm1;
rhizome2; root shoot;
runner3; tuft; variable

- 1462 0 0 0 BiolFlor (Klotz et al., 2002) X

reproduction strategy predominantly via seeds;
seeds and vegetative; pre-
dominantly vegetative

- 1462 0 0 0 BiolFlor (Klotz et al., 2002) X

life span annual; perennial; variable - 1434 0 0 0 BiolFlor (Klotz et al., 2002) X
leaf persistence summer green; overwinte-

ring green; persistent green
- 1359 5 2 6 BiolFlor (Klotz et al., 2002) X

nitrogen fixation ability yes; no - 1462 0 0 0 - X
plant defense: chemical yes; no - 359 78 63 70 USDA Plants (Green, 2009)
root type adventitious; fibrous; tap

root; variable
- 265 81 81 85 EcoFlora (Fitter and Peat,

1994)
tap root persistence4 yes; no - 1095 23 11 41 CLO-PLA (Klimešova and

de Bello, 2009)
X

seedling vigour low; medium; high - 281 88 88 74 USDA Plants (Green, 2009)
rooting depth 0-50; >50; cm 161 87 84 98 EcoFlora (Fitter and Peat,

1994)
plant growth rate continuous mm 587 63 40 59 The Xylem Database

(Schweingruber and Landolt,
2005)

X

continued on next page
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functional trait values unit n nat% arc% neo% references selected

seed dry mass continuous mg 1206 30 6 20 KEW Seed Information
Database
(http://data.kew.org/sid/)

X

specific leaf area (SLA) continuous mm2/mg 1061 25 17 43 LEDA (Kleyer et al., 2008) X
seed morphology: appenda-
ges

yes; no; both - 1005 31 12 40 LEDA (Kleyer et al., 2008) X

1 pleiocorm: system of compact, perennial shoots occurring at the proximal end of the persistent primary root.
2 rhizome: transformed shoot growing subterraneously or close to the soil surface, mostly thickened with short internodes with adventitious roots.
3 runner: usually lateral shoots with long, thin internodes, and adventitious roots; severance from the mother plant causes the formation of individual ramets.
4 tap root persistence describes whether the primary root survives over the entire life span or not or whether both cases are reported.
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Results

Mycorrhizal status had a significant effect on the number of occupied grid cells in
a phylogenetically informed generalised linear model including all 1462 plant species
(df=2, deviance=55.7, p<0.001), 1084 natives (df=2, deviance=36, p<0.001), and 249
neophyte plant species (df=2, deviance=8.4, p=0.02) but did not significantly explain
archaeophytes’ area of occupancy in Germany (df=2, deviance=3.1, p=0.21). For each
of the significant cases, subsequent post-hoc tests revealed that FM species occupied a
significantly greater number of grid cells than NM (all species: p<0.001, natives: p=0.01,
neophytes: p<0.001) and OM (p<0.001, p<0.001, p=0.02) species. NM species occupied a
marginally significant larger number of grid cells than OM species using all plant species
(p=0.06) and native species (p=0.05). Contrastingly, OM neophyte plant species showed
a tendency to occupy a larger number of grid cells than NM neophytes, but this difference
was not significant (p=0.18).

We found significant three-way interactions of arbuscular mycorrhizal status, floristic
status, and functional group, mode of shoot metamorphoses, the existence and mode of
vegetative propagation and dispersal as well as the existence of seed appendages (Table
2). Furthermore, the three-way interaction of arbuscular mycorrhizal status, floristic
status, and growth form, reproduction strategy, nitrogen fixation ability, seed dry mass,
and SLA were marginally significant (Table 2). We found significant two-way interactions
between mycorrhizal status and 13 out of 19 additional traits for neophytes and one trait
interaction for archaeophytes and natives respectively (Table 3). Results of Tukey HSD
post-hoc analysis revealed that neophytes with storage organs, shoot metamorphoses or
specialised structures promoting vegetative dispersal and propagation, occupied more
grid cells if being FM (Table 3). In particular, rhizomatous FM neophytes exhibited
a positive association with the number of grid cells occupied. Among perennial and
non-woody as well as forb species in particular, neophytes being FM were most successful.
OM neophytes were most successful when likewise not developing storage organs nor
structures promoting vegetative dispersal and propagation as well as if they were variable
in their life span (Table 3).
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Table 2: Summary of phylogenetically informed generalised linear models explaining the number of occupied grid cells. Displayed are the error probabilities
for the main effect of mycorrhizal status, floristic status, and each particular trait as well as all possible two-way interactions and the three-way
interactions of all three predictors. M=mycorrhizal status; F=floristic status; t=functional trait. Each cell includes degrees of freedom (df), deviance
(dev) and significance levels: ns – non-significant, 0.05<p≤0.1 +, 0.01<p≤0.05 *, 0.001<p≤0.01 **, p≤0.001 ***

functional trait M×F×t M×t M×F F×t M t F

growth form df=2 df=2 df=4 df=1 df=2 df=1 df=2
dev=5 dev=6.1 dev=2.7 dev=1.5 dev=58 dev=6.6 dev=104

+ * ns ns *** * ***
functional group df=5 df=9 df=4 df=7 df=2 df=5 df=2

dev=12 dev=15 dev=1.5 dev=18 dev=58 dev=12 dev=105
* * + ns *** * ***

storage organ - - - - df=2 df=1 df=2
(existence) dev=58 dev=.3 dev=106

*** ns ***
storage organ - - - df=4 df=2 df=8 df=2

dev=9.2 dev=58 dev=43 dev=106
+ *** *** ***

root metamorphoses - - - - df=2 df=1 df=2
(existence) dev=59 dev=7.5 dev=105

*** ** ***
root metamorphoses - - - df=3 df=2 df=4 df=2

dev=8.9 dev=59 dev=8.5 dev=104
* *** + ***

shoot metamorphoses - - - - df=2 df=1 df=2
(existence) dev=58 dev=.1 dev=107

*** ns ***
shoot df=7 df=9 df=4 df=4 df=2 df=5 df=2
metamorphoses dev=15 dev=7.5 dev=4.6 dev=3.6 dev=57 dev=19 dev=94

* ns ns ns *** ** ***
continued on next page
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functional trait M×F×t M×t M×F F×t M t F

vegetative propagation df=3 df=2 df=4 df=2 df=2 df=1 df=2
and dispersal dev=8 dev=.7 dev=2.8 dev=.1 dev=58 dev=.8 dev=106
(existence) * ns ns ns *** ns ***
vegetative propagation df=7 df=11 df=4 df=4 df=2 df=6 df=2
and dispersal dev=21 dev=9.4 dev=3.6 dev=8.1 dev=56 dev=18 dev=99

** ns ns ns *** ** ***
reproduction strategy df=4 df=4 df=4 df=2 df=2 df=2 df=2

dev=9 dev=2.6 dev=2.2 dev=2.4 dev=57 dev=.5 dev=109
+ ns ns ns *** ns ***

life span - - - - df=2 df=2 df=2
dev=60 dev=2.5 dev=104
*** ns ***

leaf persistence - - - - df=2 df=2 df=2
dev=53 dev=8.1 dev=93
*** * ***

nitrogen fixation ability df=2 df=2 df=4 df=1 df=2 df=1 df=2
dev=4.8 dev=1.7 dev=3.4 dev=5.1 dev=59 dev=2.8 dev=106

+ ns ns * *** + ***
tap root persistence - df=2 - - df=2 df=1 df=2

dev=5.2 dev=56 dev=.6 dev=46
+ *** ns ***

plant growth rate - - - - df=2 df=1 df=2
dev=14 dev=.8 dev=44
*** ns ***

seed dry mass df=4 df=2 df=4 df=2 df=2 df=1 df=2
dev=9.2 dev=1.2 dev=2.7 dev=17 dev=47 dev=4.2 dev=124

+ ns ns *** *** * ***

continued on next page
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functional trait M×F×t M×t M×F F×t M t F

specific leaf area df=4 df=2 df=4 df=2 df=2 df=1 df=2
dev=8.1 dev=6.3 dev=2.7 dev=2.5 dev=32 dev=8.8 dev=67

+ * ns ns *** ** ***
seed morphology: df=6 df=4 df=4 df=3 df=2 df=2 df=2
appendages dev=16 dev=4.6 dev=.3 dev=1.3 dev=46 dev=27 dev=85

* ns ns ns *** *** ***

Bold rows indicate a significant three-way-interaction between mycorrhizal status, floristic status, and the particular functional trait. Italic rows indicate a marginally

significant three-way interaction between mycorrhizal status, floristic status, and the particular functional trait.
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Table 3: Results of the Tukey post-hoc test following the generalised linear models explaining the
number of occupied grid cells. Displayed are the plant functional traits that showed significant
interaction effects with mycorrhizal status in each of the three data sets. A plus sign indicates
a significantly higher, a minus sign a significantly lower number of occupied grid cells within
each row of the table (Freeman Tukey test: p<0.05). The table’s three parts separate the
results for each floristic status.

mycorrhizal status
traits OM FM NM

NEOPHYTES
growth form

non-woody - + -
woody ns ns ns

functional group
forb - + -
grass ns ns ns

shrub/tree ns ns ns
storage organ (existence)

yes - + -
no ns ns ns

storage organ
none + ns -

pleiocorm ns ns ns
rhizome - + -
runner ns ns ns
variable ns ns ns

root metamorphoses
none - + -

primary storage root + - ns
root shoot ns ns ns

shoot metamorphoses (existence)
yes - + -
no + ns -

shoot metamorphoses
none + ns -

pleiocorm ns ns ns
rhizome - + -
runner ns ns ns

vegetative dispersal (existence)
yes - + -
no + ns -

vegetative dispersal
none ns ns ns

rhizome - + -
runner ns ns ns
variable - ns +

continued on next page
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mycorrhizal status
traits OM FM NM

reproduction strategy
predominantly via seeds ns + -

seeds and vegetative ns ns ns
predominantly vegetative - + ns

life span
annual ns ns ns

perennial - + ns
various + - ns

specific leaf area + - ns
seed morphology: appendages

yes ns ns ns
no - + ns

both ns ns ns

number of positive associations 7 13 1

NATIVES
vegetative dispersal

none - + +
pleiocorm ns ns ns
rhizome ns ns ns
runner ns ns ns

root shoot - + -
variable - + -

number of positive associations 0 3 1

ARCHAEOPHYTES
specific leaf area + - +

number of positive associations 1 0 1

NS marks non-significant differences, i.e., no significant differences were found to any of the other

mycorrhizal statuses. The last row gives the sum of the positive associations in terms of occupied grid

cells for all shown trait level combinations and each floristic status. Traits referring to storage organs

and shoot metamorphoses share most of their trait values but do not necessarily need to be the same,

e.g., rhizomes can be shoots and storage organs but not every rhizome is a storage organ (see Appendix

Figure S1 for trait correlations).

Discussion

Plant arbuscular mycorrhizal status significantly explained the area of occupancy of native
and neophyte species, but not for archaeophyte plant species. In both significant groups,
FM plant species showed the largest area of occupancy, indicating a similar association
of plant species with the arbuscular mycorrhizal symbiosis. However, trait interactions
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between mycorrhizal status and other plant functional traits related to carbon allocation
are predominantly present in neophytes and absent from natives. This result suggests
differences in the mycorrhizal association and carbon allocation strategies involving the
symbiosis of neophytes relative to native plant species. The detected trade-offs may be
critical for the invasion success of neophyte plant species. As it is still discussed whether
alien plant species benefit from being mycorrhizal or not and whether wide-spread native
species differ in their mycorrhizal association from wide-spread alien species (Pringle
et al., 2009; Shah et al., 2009; Bunn et al., 2015), our findings add a new perspective
to this debate. Overall, our results emphasise the importance of incorporating trait
interactions while analysing characteristics of alien plant species that are related to
their mycorrhizal association and invasion success (cf. Küster et al., 2008). In general,
discriminating alien plants by their floristic status (archaeophytes or neophytes) and
mycorrhizal status (i.e., differentiating between OM, FM, and NM species instead of
merely between mycorrhizal and non-mycorrhizal species) will refine future studies
assessing the effects of the mycorrhizal symbiosis in alien plant invasions.
AMF are suggested not to act as barriers for alien plant invasion, as AMF taxa are

globally distributed (Davison et al., 2015) and the arbuscular mycorrhizal symbiosis
is generally proposed to be non-specific in terms of plant and fungal partners (Smith
and Read, 2008; Moora et al., 2011). Nevertheless, even if the global diversity of AMF
is low, the local diversity of AMF communities can be large. Oehl et al. (2010) e.g.,
found up to 30 AMF species interacting with 50 plant species at field sites of minor
land-use intensity. Alien plant species have been shown to be less responsive to native
fungal species (Klironomos, 2003; Pringle et al., 2009) and Hetrick and Wilson (1990)
demonstrated that this difference was independent of the origin of the fungal partner,
implying a general difference in responsiveness. Furthermore, Reinhart and Callaway
(2006) suggested that not the mere interaction itself, but the strength and specificity
of biotic interactions in new environments are important (see also Endresz et al. 2013).
In general, the degree of plant responsiveness towards fungal partners is influenced by
several factors such as soil nutrient status, additional resource availability (water and
light) as well as plant and fungal identity (Klironomos, 2003; Pringle and Bever, 2008;
Werner and Kiers, 2015). Our approach is not able to differentiate between effects of plant-
fungi interactions, neither alterations in native fungal communities due to alien plant
species (Callaway et al., 2008; Vogelsang and Bever, 2009) nor differences in the abiotic
environment. Nevertheless, our results suggest that neophyte plant species in Germany
are less responsive to AMF, as the FM status of neophytes simultaneously allows carbon
allocation to high-carbon cost plant properties such as storage organs, rhizomes as shoot
and root metamorphoses, and a perennial life span; trade-offs that are absent from OM
and NM neophytes as well as natives in general. Neophytes typically occupy disturbed
and/or urban habitats (Hobbs and Huenneke, 1992; Richardson and Pyšek, 2012), which
may favour a larger variety of plant strategies and a lower responsiveness towards the
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arbuscular mycorrhizal symbiosis. This variety might help to avoid competition over
native fungal communities. Therefore, the trade-offs found in FM neophytes may reflect
the biotic and abiotic conditions of these environments. It is furthermore possible that
facing native fungal communities and therefore new mycorrhizal associations may lead
to evolutionary changes in alien plant traits (Bossdorf et al., 2005; Seifert et al., 2009).
This might result in the detected differences of trait trade-offs between neophyte and
native plant species. Moreover, neophyte OM species show the largest area of occupancy
when they are not able to develop additional plant properties like storage organs, shoot
metamorphoses or properties of vegetative dispersal. This underlines the perception that
the benefits of neophyte plants gained from colonisation by native fungal symbionts
are relatively low compared to natives in which these trade-offs are absent. It further
indicates that the reported trade-offs indeed result from a reduced carbon allocation
to mycorrhizal fungi and not from improved P or N uptake (Zabinski et al., 2002).
Otherwise, OM neophyte plant species would have likely shown similar trade-offs as
FM neophytes. Yet, it remains to be explained why neophytes in Germany are more
frequently OM than natives and archaeophytes (Hempel et al., 2013). Overall, although
neophyte FM species show a reduced responsiveness towards native AMF, they are at
least partly mycorrhizal. Therefore, it is important to note that the mycorrhizal symbiosis
has other meaningful aspects for plant species that are not related to plants’ carbon,
nutrient or water availability. Taking a plant’s perspective, it has been shown that AMF
offer pathogen protection (Newsham et al., 1995; Veresoglou and Rillig, 2012) as well as
protection against heavy metals (Hildebrandt et al., 2007), and provide stabilisation of
soil structure (Rillig et al., 2015). Native plant species may benefit to a larger degree from
these facets due to the longer joint (evolutionary) history with native fungal communities,
which might as well explain the detected differences in trait interactions found in the
analysis.

Alien plant species differ in their ecological adaption to the environment of the recipient
range from native plant species for two reasons: (1) most of them were selected by
humans for special purposes such as cultivation (di Castri, 1989; Pyšek et al., 2005) and
then deliberately introduced (Lambdon et al., 2008). (2) They evolved under different
environmental and ecological settings (including different biotic interactors; Pyšek et al.,
2005; Seifert et al., 2009). Next to their residence time, neophyte and archaeophyte
species differ in their introduction pathways. Whereas entry points of neophytes are
typically urban or industrial areas, i.e., habitats with high human impact, archaeophytes
are mostly associated with agricultural habitats. Archaeophytes represent an ecologically
distinct group compared to both natives and neophytes. They are mostly weed species of
arable land and differ in life form and habitat requirements (Pyšek et al., 2004; Pyšek
and Jarošik, 2006). Furthermore, archaeophytes have been recruited from less diverse
places of origin (Pyšek et al., 2012). Overall, they are a homogenous group of plant
species, which is demonstrated by the similarity in trait values in our analysis. They
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are predominantly forb species, reproduce mainly via seeds, do usually not have storage
organs nor propagate or disperse vegetatively, and are not able to fix nitrogen. Our
analysis adds that archaeophytes show weak or no association with AMF, which contrasts
native and neophyte plant species. This can be explained by their close association
with agriculturally used habitats, as management practices such as tillage (Jansa et al.,
2002), grazing (Eom et al., 2001) or fertilisation (Johnson, 1993; Oehl et al., 2003) are
known to negatively affect existing mycorrhizal networks and associations. Therefore, a
plant’s retention of the symbiosis becomes obsolete in agricultural habitats with steady
availability of nitrogen and phosphorus. Moreover, archaeophyte species may have evolved
a reduced mycorrhizal dependence overall (cf. Schultz et al., 2001; Seifert et al., 2009) or
did not colonise habitats in their native range in which developing mycorrhizal associations
was a useful strategy.

Bunn et al. (2015) suggested that different growth responses to AMF were rather
based on plants’ functional group than their floristic status, with forb species exhibiting
positive growth responses whereas grasses showed neutral to negative effects on growth
response when associated with AMF. Further, Yang et al. (2015) suggested that these
differences are related to differences in root architecture and root coarseness. In our
analysis only neophytes showed an interaction effect between functional group and
arbuscular mycorrhizal status and only FM forbs were positively associated with a larger
area of occupancy. Therefore, we reinforce the influence of plant species’ floristic status,
but encourage the further differentiation between plants distinct in their mycorrhizal
status. Due to the lack of trait information concerning root traits we were not able to
further disentangle this effect in this regard. At present, even large trait data bases like
TRY are relatively poor in covering root traits (Table 1). Root traits are commonly
neglected in plant functional ecology, although the plant-root interface is the major
link between mycorrhizal fungi and plant individuals. Comprehensive measurements
of traits like specific root length, root diameter, root hair length or root hair density
would be an improvement not only in understanding the belowground compartments of
plants, but also the mycorrhizal symbiosis (Ryser, 2006; McCormack et al., 2014; Yang
et al., 2015). Different metrics of root traits and root architecture may be combined
to reflect a spectrum of root system functioning (Maherali, 2014) including surface
area-to-volume ratios and frequency of infection points (Wehner et al., 2014). This
would additionally increase our understanding of fungal colonisation and plant-fungi
relationships. Moreover, incorporating traits related to plant palatability and herbivory,
both above- and belowground, will be a promising approach. High levels of herbivory
deplete plant carbon resources and therefore likely reduce carbon allocation to mycorrhizal
fungi. In turn, reduced aboveground herbivory is common in alien plant species (Bossdorf
et al., 2005) and it has been shown that mycorrhizal associations affect plants’ resistance
to herbivory, but not in a consistent way (De Deyn et al., 2009; Koricheva et al., 2009;
Kempel et al., 2013). Trait interactions may reveal whether alien plant species benefit

85



from associations with mycorrhizal fungi by increased production of allelochemicals or
whether a general reduction of herbivory in new environments will generally decrease
the necessity to engage in the symbiosis. For this purpose better trait information on
plant defence mechanisms in general (chemically and mechanically) are needed. This
is not about conceptualising new traits, but rather about increasing the availability of
existing ones, e.g., by further description and quantification of the amount and nature of
allelochemicals used by a larger number of plant species across different environmental
conditions.
On a world-wide basis phosphorus and nitrogen are often the limiting resources

for vegetation and it has been suggested that soil nutrient levels play an important
role in determining a community’s invasibility (Davis et al., 2000; Blumenthal, 2005).
The arbuscular mycorrhizal symbiosis profoundly affects the availability of these plant
resources in nearly all habitats and across all biomes worldwide (Treseder and Cross,
2006; Brundrett, 2009). Moreover, mycorrhizal fungi are known to be major players in
global carbon cycles and carbon sequestration (Wilson et al., 2009; Averill et al., 2014).
Yet, the symbiosis and belonging nutritional trade-offs are rarely included in analyses of
establishment of alien plant species in new environments. Our study demonstrates that
alien and native plant species differ in their association with the arbuscular mycorrhizal
symbiosis, which is shown by certain trade-offs linked to carbon allocation that are
specific for neophyte plant species in Germany. In future studies, discriminating alien
plants by their floristic status (archaeophytes or neophytes) and mycorrhizal status (i.e.,
differentiating between OM, FM, and NM species instead of merely between mycorrhizal
and non-mycorrhizal species) will refine assessing the role of the mycorrhizal symbiosis in
alien plant invasions.

Acknowledgements

MCR acknowledges funding from Federal Ministry for Education and Research (BMBF)
for the project ’Bridging in Biodiversity Science (BIBS)’. MM and MZ were supported by
grants from the European Regional Developmental Fund (Centre of Excellence Ecolchange)
and Estonian Research council (IUT 20-28). PP was supported by long-term research
development project RVO 67985939 (The Czech Academy of Sciences), project no. 14-
36079G, Centre of Excellence PLADIAS (Czech Science Foundation), and Praemium
Academiae award from The Czech Academy of Sciences.

We are grateful to the many researchers who contributed to this study by making their
data available, helping to check information, and/or providing comments at various stages.
The study was supported by the TRY initiative on plant traits (http://www.try-db.org).
TRY is hosted at the Max Planck Institute for Biogeochemistry (Jena, Germany) and
supported by DIVERSITAS/Future Earth, the German Centre for Integrative Biodiversity
Research (iDiv) Halle-Jena-Leipzig, and BACI (grant ID 640176).

86



Supplementary data

gr
ow

th
 fo

rm

fu
nc

tio
na

l g
ro

up

re
pr

od
uc

tio
n 

st
ra

te
gy

le
af

 p
er

si
st

en
ce

ve
ge

ta
tiv

e 
di

sp
er

sa
l (

ex
is

te
nc

e)

st
or

ag
e 

or
ga

n 
(e

xi
st

en
ce

)

sh
oo

t m
et

am
or

ph
os

es
 (

ex
is

te
nc

e)

ro
ot

 m
et

am
or

ph
os

es
 (

ex
is

te
nc

e)

N
 fi

xa
tio

n 
ab

ili
ty

pl
an

t g
ro

w
th

 r
at

e

se
ed

 d
ry

 m
as

s

ve
ge

ta
tiv

e 
di

sp
er

sa
l

st
or

ag
e 

or
ga

n

sh
oo

t m
et

am
or

ph
os

es

ro
ot

 m
et

am
or

ph
os

es

lif
e 

sp
an

S
LA

se
ed

 m
or

ph
ol

og
y:

 a
pp

en
da

ge
s

ta
p 

ro
ot

 p
er

si
st

en
ce

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Agglomerative Coefficient =  0.4
gower.dist

H
ei

gh
t

Figure S1: Dendrogram illustrating correlations of the functional traits next to mycorrhizal
status, resulting of a cluster analysis based on a Gower’s pairwise dissimilarity distance and
agglomerative hierarchical clustering. The dendrogram was built using the package ’cluster’
(Mächler et al., 2013) in R (version 3.0.2, R Development Core Team, 2013).
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CHAPTER 5: Synthesis

This thesis aimed to investigate the effects of the mycorrhizal symbiosis on plant distri-
butions and alien plant invasions at a large spatial scale. By utilising the differentiation
between obligate mycorrhizal (OM), facultative mycorrhizal (FM), and non-mycorrhizal
(NM) plant species, the presented analyses demonstrate a surplus of accounting for the
mycorrhizal symbiosis in such frameworks. The key results are as follows:

• To the best of my knowledge chapter 2 provides the first evidence of spatial pat-
terns of plant assemblages that are composed of species with different arbuscular
mycorrhizal status at the German country scale. The patterns are non-random,
clearly distinct, and resemble the German topography as well as the associated
environmental conditions. Large shares of OM plant species are associated with
regions of high temperature and precipitation ranges, high mean temperatures, large
limestone and urban areas as well as small areas of mixed and coniferous forest.
Contrastingly, large NM shares are associated with regions of low temperature range
and low values of mean precipitation as well as a large number of different soil types.

• Chapter 3 and 4 demonstrate that being mycorrhizal benefits the invasion success
of alien plant species, but concurrently show the need for differentiation while
investigating the effects of the mycorrhizal symbiosis in the context of alien plant
invasions: (1) by floristic status - the invasion success of neophyte plant species (those
introduced to Germany after 1500) is affected by their mycorrhizal status, but this
relationship is absent from archaeophyte species (those introduced before 1500), (2)
by mycorrhizal status - FM plant species inhabit the largest area of occupancy in
Germany compared to OM and NM species in both, native and neophyte species. NM
natives tend to occupy a larger area than OM natives, whereas this relation is opposite
in neophytes, and (3) including trait interactions - trait interactions including plant
mycorrhizal status revealed differences in arbuscular mycorrhizal associations between
neophyte and native plant species. While FM neophytes benefit from their flexibility
to choose the carbon sink to invest in (retention of the mycorrhizal symbiosis vs.
plant properties such as storage organs), these trade-offs are absent in FM natives.
This suggests that native plant species benefit from the symbiosis independent of
carbon allocation strategies. OM neophytes show the largest invasion success when
not being able to develop additional plant properties.

90



The mycorrhizal symbiosis affects large-scale plant distributions

Chapter 2 demonstrates the existence of distinct spatial patterns of plant species assembla-
ges differing in their composition of OM, FM, and NM species at the German country
scale. Thereby, the analysis emphasises the role of plants’ arbuscular mycorrhizal status
at such large spatial scale and hierarchical level of plant organisation. Furthermore, the
associated model shows that these compositions are affected by environmental conditions
acting at this scale and thereby reflecting known responses of plant-fungi relationships
to abiotic parameters, which were in turn gained from small-scale studies. Chapter 2
therefore bridges the gap between pot experiments and coarse grained global analyses in
studying the mycorrhizal symbiosis. Moreover, it overcomes the comparative character
of former studies in mycorrhizal ecology that focus on the level of plant species to a
context of plant assemblages and plant distributions. The species compositions follow
gradients of acidity, precipitation, and temperature and are in line with the majority of a
priori expectations (chapter 2) as well as a study by Soudzilovskaia et al. (2015), which
associates plant mycorrhizal colonisation with the abiotic environment at a coarse-grained
global scale. However, the large effect of temperature range influencing the spatial distri-
butions of the plant assemblages is surprising (chapter 2). Regions of high temperature
range as well as precipitation range, i.e., regions with typically continental climate, were
associated with an increase in OM and a decrease of NM species proportions (chapter
2). A priori it was expected that such varying conditions in temperature and precipi-
tation would be best tolerated by FM plant species, as they are supposed to be more
adaptable to changing environmental conditions due to their flexibility in mycorrhizal
association. In general, physiological growth conditions for plant species become harsher
with increasing continentality. Welk et al. (2014) found that plant species in Germany,
which typically occur in areas of continental climate, are more vulnerable to competition
and herbivory as plants typically occurring in regions with oceanic climate. Further,
interspecific plant interactions are suggested to turn from competition to facilitation
with increasing abiotic stress (’stress-gradient hypothesis’; Bertness and Callaway, 1994;
Maestre et al., 2009). The mycorrhizal symbiosis has the potential to similarly alleviate
stressful abiotic and biotic conditions of continental climate, which is likely a mechanism
explaining the higher proportions of OM plant species in regions with higher temperature
and precipitation ranges. Consequently, this would expand the stress-gradient hypothesis
from plant-plant to plant-fungi interactions. An alternative explanation is that OM plant
species are specialists comprising the extreme ends of temperature and precipitation
ranges. Soudzilovskaia et al. (2015), e.g. suggest that the presence of a prolonged frost
period increases colonisation intensity of host plant species by arbuscular mycorrhizal
fungi (AMF). The next step is to test these model-gained hypotheses experimentally,
for instance by conducting reciprocal transplant experiments between regions of conti-
nental and oceanic climate using plant species differing in their arbuscular mycorrhizal
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status (see, e.g., Hoeksema et al., 2010; Doubková et al., 2012; Lankau, 2012). This
will not only benefit our understanding of mycorrhizal effects on plant responses to
harsh environmental conditions, but will further reveal potential variation in effects of
the mycorrhizal symbiosis with scale and hierarchical level of plant organisation (cf.
Allison and Goldberg, 2002). Overall, this demonstrates a central point of utilising plant
mycorrhizal status in correlative models of large-scale plant distributions. They allow the
detection of potential driving processes that could not have emerged at comparable effort
and scale from experimental studies under field conditions. Hence, they help generating
new hypotheses that can now be tested experimentally (cf. Dormann et al., 2012).
Understanding the co-variation of plants and their mycorrhizal symbionts at large

scales starts with observations, descriptions as well as post-hoc explanations of the
demonstrated patterns. Therefore, analyses compiling sufficiently large species numbers
are necessary to gain a comprehensive picture of underlying processes that shape the
co-variation of both symbionts. It would be of great interest, if the reported relationships
of plant arbuscular mycorrhizal status and environmental factors related to climate hold
true in other biomes, e.g., in the tropics where AMF are the particular dominant mycor-
rhizal type. Nevertheless, it is important to note that predictions based on correlative
distribution models are usually limited in their transferability to other environments
and that their inherent assumption of stationarity (i.e., model parameters are constant
in space and time) limits their predictive power in scenarios of future environments
(Dormann et al., 2012; Heikkinen et al., 2012). The transferability would certainly benefit
from accounting for the abundance of species (plant and fungus) instead of their mere
presence/absence as well as high-resolution data on soil nutrient availability and climate,
to capture fine-scale processes affecting both symbiotic partners (cf. McInerny and Purves,
2011). Unfortunately, such data are predominantly unavailable at the chosen scale.

The mycorrhizal symbiosis affects alien plant invasions

It is still debated, whether alien plant species that arrive in new environments benefit
from being mycorrhizal or not and whether they differ in their mycorrhizal association
compared to native plant species (Pringle et al., 2009; Shah et al., 2009; Bunn et al.,
2015). The analysis presented in chapter 3 demonstrates that neophyte plant species in
Germany indeed benefit from being mycorrhizal (both OM and FM). While neophyte
plant species are more frequently OM considering all neophytes (Hempel et al., 2013)
as well as neophytes across several stages of the invasion process (chapter 3), FM plant
species show the greatest invasion success in terms of occupied geographical range.
Furthermore, the detected trade-offs between neophyte mycorrhizal status and other
plant functional traits (chapter 3), which are related to their invasion success, are not
present in native plant species (chapter 4). This demonstrates the peculiarity of trait
combinations involving plant mycorrhizal status and other functional plant traits related
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to morphology, reproduction, and life-history in neophytes. To the best of my knowledge
chapters 3 and 4 are the first studies that demonstrate the importance of such trait
interactions involving plant mycorrhizal status in association with invasion success.
The analyses confirm that considering trait interactions and whole plant ecological
strategies help explain the invasion success of alien plant species (Küster et al., 2008)
and that the dependence on a fungal partner, particularly in the case of AMF, does
not restrict the establishment of alien plants in new environments. Overall, the results
indicate that the mycorrhizal association of alien plant species benefits their physiological
performance, particularly regarding carbon allocation strategies (e.g., carbon cost of
mycorrhizal symbiosis vs. carbon cost of storage organs) and consequently their invasion
success. Alternatively, there might be a shift concerning the importance of mycorrhizal
colonisation of alien plant species with increasing residence time. Kardol et al. (2006)
and Diez et al. (2010) suggest that negative soil feedback accumulates over time for alien
plant species, which might be due to increased probability of encountering soil pathogens
or parasitic fungi in time and space, but also because of decreased responsiveness to soil
mutualists (Seifert et al., 2009). The plant-fungi interaction itself may change its character
along the mutualism-parasitism-continuum (Johnson et al., 1997) with time as well as
encountering of habitats differing in soil fertility (Neuhauser and Fargione, 2004). After
the successful establishment in the new environment, FM alien plant species may regulate
their association with mycorrhizal fungi and thereby potentially counteract negative
(parasitic) soil feedbacks. Yet, the reasons for sporadic mycorrhizal colonisation, i.e.,
mycorrhizal flexibility and the underlying regulatory processes in FM plant species are
poorly understood (Grman, 2012). However, studies addressing the continuum typically
investigate single plant and fungal individuals in pot experiments (Johnson et al., 1997;
Klironomos, 2003). At community level and under natural conditions it is likely that
plants interact only with mycorrhizal fungi that optimise their fitness by allocating
nutrients (Bever et al., 2009; Kiers et al., 2011) and mycorrhizal associations are therefore
most likely mutualistic at plant community level. To unravel why neophyte plant species
in Germany are still more frequently OM than native plant species (Hempel et al.,
2013), additional studies investigating potential physiological differences in mycorrhizal
responsiveness of OM and FM plant species are needed. Furthermore, studying differences
in non-nutritional benefits provided by the symbiosis, introduction pathways and reasons
of introduction of neophyte plant species (e.g., as seed contaminants or escaped crop or
ornamental plants) will shed light on the reported differences in frequencies of mycorrhizal
status.

Further research at best with a biogeographical context will be crucial for developing
further generalisations about the role of the mycorrhizal symbiosis in promoting or
inhibiting alien plant species (Reinhart et al., 2012). Next to modelling, experiments
under controlled as well as field conditions that assess the symbiosis’ function in alien
plant invasion in situ will be required, e.g., using hyphal ingrowth bags, rotating cores
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or the manipulation of fungal abundances (Bunn et al., 2015). It remains to be tested
whether the positive association of neophyte plant species and retention of the mycorrhizal
symbiosis as well as the corresponding trade-offs are general principles that similarly
exist in other regions of the world. Seifert et al. (2009) suggest differences in mycorrhizal
associations between alien plants in Europe and North America, which are based on
different histories of plants and the agricultural practices in the particular regions. This
is supported by the documented differences in alien plants’ association with mycorrhizal
fungi in California (Pringle et al., 2009) on one hand as well as Great Britain (Fitter,
2005) and Germany (Hempel et al., 2013) on the other hand. Moreover, the share of
arbuscular mycorrhizal plant species is reported to be comparatively low among invasive
aliens in the Fynbos region in South Africa (Richardson et al., 2000b). This indicates
that the absence of mycorrhizal dependence may be an advantage for alien plant species
in regions diverging from Central European land-use regimes, e.g., in typically nutrient
poor (or less nutrient enriched) environments. Furthermore, it has been shown that the
regional frequency and number of occupied habitats in the native range are a good proxy
of invasion success of alien plant species (Hejda et al., 2015; Pyšek et al., 2015). FM
plant species show the largest area of occupancy in Germany (chapter 4) and the largest
number of occupied habitat types compared to OM and NM plants (Hempel et al., 2013).
Therefore, this mycorrhizal status is a potential characteristic promoting the invasion
success of these species in regions they are alien to. Additionally, the detected trade-offs
involve traits related to storage organs and clonality (chapter 3 and 4); traits that were
shown to be features of successful alien plant species in new environments (Knapp and
Kühn, 2012; Pyšek et al., 2015). After all, the involvement in a mycorrhizal symbiosis
may not be the major driver of alien plant invasions, but the simple acquisition of fungal
symbionts is an important aspect of many ecosystems’ susceptibility to the invasion by
alien plants (Richardson et al., 2000b). As plants associated with AMF are supposedly of
low specificity (Moora et al., 2011) and show low endemism and species richness on a
global scale (Davison et al., 2015), the arbuscular mycorrhizal symbiosis is an interesting
study object to unravel general mechanisms of alien plant invasion.

As the invasion success of neophyte plants is related to their mycorrhizal status (chapter
3 and 4) and the composition of plant assemblages is linked to environmental conditions
(chapter 2), linking both approaches is a reasonable next step. The benefit derived
from mutualistic interactions will probably vary with different environmental conditions
(Mitchell et al., 2006). Thus, it will be crucial to not only investigate different effects of
plants’ mycorrhizal status in different locations, but also in the context of their particular
abiotic and biotic conditions. Despite the new insights gained from the approaches used
in chapter 3 and 4, those analyses are not designed to incorporate fungal communities in
the context of alien plant invasion. The composition of native fungal communities itself
influences alien plant invasions (Klironomos, 2002; Inderjit and van der Putten, 2010).
Likewise, the invasion of alien plant species is reported to change soil fungal communities
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(Batten et al., 2006; Mummey and Rillig, 2006; Sun et al., 2013) and non-mycorrhizal
invasive plants were shown to supress native fungal symbionts (Callaway et al., 2008;
Vogelsang and Bever, 2009). As long as comprehensive information on fungal communities
is not available at larger scales, this aspect of alien plant invasion remains to be tested via
field experiments. Network analyses of field gained data and studies of the sole or joint
introduction of alien fungi and alien plants will promote our understanding of plant-fungi
interactions in alien plant invasion. Furthermore, studying the invasion success of alien
plant species with static models (chapter 3 and 4) captures only a snap shot of the invasion
process and temporal dynamics are being ignored. Therefore, modelling (i.e., correlative,
process-based, and hybrid models; Dormann et al., 2012) as well as experimental studies
should ideally run in parallel to complement each other (Meisner et al., 2014).

Focus on the arbuscular mycorrhiza and plant-centrism

The analyses presented in chapter 2 and 4 are restricted to plant species forming an
arbuscular mycorrhizal symbiosis, as the great majority of angiosperm plant species is
engaged in this mycorrhizal type (Brundrett, 2009) and therefore of particular import-
ance while analysing large species numbers at large scales. Furthermore, the majority
of examined neophyte plant species (chapter 3) as well as the entirety of examined
archaeophytes (chapter 4) in Germany are arbuscular mycorrhizal. Nevertheless, it will be
fruitful to assess environmental responses and constraints of different types of mycorrhizal
fungi. Ectomycorrhizal fungi probably have higher dispersal rates compared to AMF,
due to their aboveground spore release and smaller propagules (Galante et al., 2011).
However, in a meta-analysis by Bahram et al. (2015), the authors did not find distinct
spatiotemporal patterns of fungal communities dominated by different mycorrhizal types,
indicating similar rates of dispersal. Still, global patterns of plant root colonisation were
driven by different sets of climatic and soil factors for arbuscular and ectomycorrhizal
symbioses (Soudzilovskaia et al., 2015). Additionally, Lankau et al. (2015) showed that
ectomycorrhizal fungi can supply their host plants with a greater buffer against environ-
mental conditions compared to AMF. These authors suggest that ectomycorrhizal fungi
show a higher diversity in terms of morphology and functioning, e.g., regarding nutrient
acquisition strategies. Hence, extending the analyses to other mycorrhizal types will
improve our understanding of differences in mycorrhizal functioning between mycorrhizal
types.

The presented analysis takes a plant-centric view and neglects the fact that mycorrhizal
fungi exhibit specific habitat requirements as well. Traditionally, biogeography and ma-
croecology focussed on plants and animals, whereas microbes were not considered to be
restricted by geographical barriers (Baas-Becking hypothesis: ’Everything is everywhere,
but the environment selects’; Baas-Becking, 1934; Finlay, 2002; Queloz et al., 2011). In
the meantime, microbiologists have discovered the existence of biogeographic patterns

95



of microorganisms (Martiny et al., 2006; Hanson et al., 2012) including fungi (Tedersoo
et al., 2014; Davison et al., 2015). Yet, a fungal macroecology is missing and published
studies addressing the role of the symbiosis on plant and ecosystem responses are usually
of limited duration and limited geographical distribution (Mohan et al., 2014; Bahram
et al., 2015). Furthermore, the current limited availability of sufficient distribution data
of fungal species respectively fungal (virtual) taxa as well as their communities restricts
investigating the mycorrhizal symbiosis from a fungal perspective. Therefore, taking a
plant-centric view by linking plant mycorrhizal traits of plant assemblages with large
spatial scales is a valuable tool to approach a multi-scale understanding of the symbiosis.

Approaching the mycorrhizal symbiosis with functional traits

As demonstrated, linking functional plant mycorrhizal traits with macroecological analyses
of plant distributions (chapter 2) as well as plant invasion ecology (chapter 3 and 4) are
promising approaches. Even on its own, plant mycorrhizal status significantly explained
the occupied geographical range of neophytes and native species in Germany in single
plant trait models (chapter 3 and 4). Moreover, the discovered trade-offs of mycorrhizal
status and other functional plant traits emphasise that considering plant mycorrhizal
status in such analyses is an important step to get a complete picture of plant species’
trait continuums. In particular, these trade-offs substantiate the role of the mycorrhizal
symbiosis in plant physiology and plant mycorrhizal traits are therefore a useful addition
to the spectrum of commonly used functional plant traits (e.g., Díaz et al., 2016).
MycoFlor (Hempel et al., 2013), as source of mycorrhizal status information in all

analyses of this thesis, is purely literature-based and does not compile data specifically
sampled for the purposes of the presented analyses. Furthermore, Hempel et al. (2013)
reported a bias in the number of references per plant species; with rare species showing
lower average reference numbers than common ones, and FM species showing higher
average reference numbers than OM and NM species (Table 1). As demonstrated by Dickie
et al. (2007), the handling of mycorrhizal status checklists therefore needs appropriate
care to ensure the validity of the underlying data, as conflicting data on mycorrhizal
associations of plant species exist. Therefore, using a core subset of the available data that
only compiles the mycorrhizal status of plant species covered by at least two literature
references is reasonable (chapter 2). Unfortunately, this approach was not feasible for
the analyses in chapter 3 and 4, as the average reference coverage of neophytes and
archaeophytes is lower compared to native species (Table 1). Thus, the procedure would
have resulted in excluding a large number of species. Plant mycorrhizal status most
likely does not underlie a high intraspecific variability caused by responses to different
environmental conditions compared to other plant functional traits (Albert et al., 2010;
Violle et al., 2012). However, classifying plant species into OM, FM, and NM species based
on existing literature will never completely reassemble actual conditions (which is the
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case for any kind of averaged trait information derived from data bases; cf. Cordlandwehr
et al., 2013) and it should be considered that one additional reference has the potential to
transform an OM or NM to an FM species. Still, MycoFlor (Hempel et al., 2013) is one of
the best available and most recently compiled data sets on plant mycorrhizal associations
to date. Furthermore, it is important to note that plant mycorrhizal status is rather a
proxy to estimate the potential importance of the mycorrhizal symbiosis for plants at
species level and therefore suitable to the level of precision inherent of the presented
analyses investigating large-scale processes.

Table 1: Mean reference numbers (± standard error) per mycorrhizal status and floristic status of
plant species compiled in the MycoFlor data base (Hempel et al., 2013). Numbers in brackets
display the subset of arbuscular mycorrhizal plant species. As the group of NM plant species is
the same independent of whether considering all MycoFlor species or the subset of arbuscular
mycorrhizal plant species, the last column (’NM’) depicts only one value.

mycorrhizal status
floristic status OM FM NM

natives 3.7±0.3 (2.3±0.1) 6.1±0.5 (5.4±0.2) 1.7±0.1
archaeophytes 2.4±0.4 (2.2±0.3) 4.0±0.4 (4.0±0.4) 1.6±0.3
neophytes 2.0±0.2 (1.6±0.1) 2.5±0.2 (2.6±0.2) 1.4±0.1

all plant species 3.2±0.2 (2.2±0.1) 5.5±0.4 (4.9±0.2) 1.6±0.1

Nevertheless, increasing the availability of three groups of functional traits will benefit
our future understanding of mycorrhizal functioning: (1) Plant mycorrhizal traits: Despite
the ubiquity of the symbiosis, it is surprising how little we overall know about the
mycorrhizal association of plant species. The MycoFlor data base (Hempel et al., 2013)
only contains information on the mycorrhizal association of 48% of the plant species of
the German flora, although this flora is one of the best studied worldwide. Missing data
on species traits certainly challenge the discovery of general trends in our understanding
of the plants’ mycorrhizal associations and the effects of the mycorrhizal symbiosis on
plant communities. Plant mycorrhizal traits such as mycorrhizal status, mycorrhizal
flexibility, and mycorrhizal type (Moora, 2014) can be easily incorporated into analyses
of plant distributions and plant community ecology. Therefore, progress in increasing the
availability of these plant traits and examining them under a variety of environmental
conditions will enhance the explanatory power of corresponding analyses and decrease the
uncertainty of related correlative analyses. Reviewing existing data on plant mycorrhizal
associations, e.g., archived in museums, administrative agencies, and citizen science
programs (cf. Beck et al., 2012) can improve the availability of plant mycorrhizal traits
immediately (e.g., Akhmetzhanova et al., 2012). Concurrently, the establishment of
complex plant mycorrhizal traits as mycorrhizal dependency (Moora, 2014) will need
well-defined protocols of measuring the trait’s characteristics (cf. Pérez-Harguindeguy
et al., 2013). (2) Plant root traits: The plant-root interface is the major link between
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mycorrhizal fungi and plant individuals as well as between belowground and aboveground
systems in general. At present, even large trait data bases are relatively poor in covering
root traits (chapter 4), although they have been suggested as highly relevant traits of
species’ responses to their abiotic and biotic environments (Valverde-Barrantes et al., 2013;
McCormack et al., 2014). Comprehensive measurements of traits such as specific root
length, root diameter, root hair length or root hair density will lead to an improvement
in understanding the belowground compartments of plants (Ryser, 2006; McCormack
et al., 2014; Yang et al., 2015). Furthermore, different metrics of root traits and root
architecture may be combined to reflect a spectrum of root system functioning (Maherali,
2014), which will certainly be followed by an increased understanding of plant-fungi
relationships. (3) Fungal traits: The growth response of plants depends on the (functional)
identity of both symbionts (Klironomos, 2003). As plant taxa differ in their mycorrhizal
dependency, fungal taxa differ in their mycorrhizal effectiveness. This is even the case
for obligate plant symbionts such as AMF that likely developed traits to maximise their
own fitness (Chagnon et al., 2013). So far, fungal traits have been mainly used to classify
fungi in the context of systematics and taxonomy (Kumar et al., 2011) but there have
been numerous attempts to conceptually define a functional fungal ecology (Agerer,
2001; van der Heijden and Scheublin, 2007; Powell et al., 2009; Parrent et al., 2010;
Behm and Kiers, 2014). Still, fungal ecology lags behind in using traits compared to
plant ecology. As traits are measured at the level of individuals, this shortfall is partly
based on the difficulty to define a fungus individual (Pringle and Taylor, 2002) and to
find consensus on an established species concept (van der Heijden and Scheublin, 2007;
Nilsson et al., 2008). Nevertheless, available high-throughput molecular methods already
help initiating a fungal community ecology in natural contexts (Öpik et al., 2009; Poisot
et al., 2013) and trait-based approaches might make species concepts obsolete at all (cf.
Weiher and Keddy, 1995). Recently, requirements of a progressive fungal ecology are
phrased in more detail. An excellent overview of possible life-history, morphological, and
physiological fungal traits is given by Aguilar-Trigueros et al. (2015) and it has been
already demonstrated that spore traits influence fungal distributions (Kivlin et al., 2014).
Initiating such a trait-based fungal ecology will be elusive and will require established
metrics and methodologies (Lilleskov and Parrent, 2007). While debating inherent features
of fungal traits (Crowther et al., 2014; Aguilar-Trigueros et al., 2015), mycologists should
also discuss whether adopting established frameworks of plant ecology or defining new
concepts of trait-based fungal ecology against the background of extensive molecular
insights is a more promising approach (Green et al., 2008). The effort to mutually describe
functional plant and fungal traits will certainly improve our understanding of fungal
communities, host plant communities, and their interplay (Maherali and Klironomos,
2007; Aguilar-Trigueros et al., 2014; Koide et al., 2014; Zobel and Öpik, 2014).
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Concluding remarks

Studies of the mycorrhizal symbiosis are carried out at different hierarchical levels of plant
organisation, but with a focus on lower levels. Moving up the hierarchy of complexity (i.e.,
plant assemblages instead of plant species or individuals) and hierarchy of spatial scales
increases the likelihood that observations have greater relevance for answering questions
to unravel general principles of mycorrhizal functioning in the context of plant ecology
(Figure 1). Small-scale studies are suitable to disentangle mycorrhizal effects on plant
physiology at the level of plant individuals, whereas studies addressing larger scales aim
at relating the symbiosis to plant community and ecosystem functioning. The precision
of analyses may decrease with such higher spatial scales and an increasing amount of
studied objects (Figure 1). However, they certainly complement as well as extend the
insights gained from pot experiments and molecular approaches in mycorrhizal plant
ecology and both will jointly benefit a multiscale view of the symbiosis (Comas et al., 2010).

ecosystem scale experiments are being designed and analysed. It leads to an
emphasis on the need to examine responsiveness of the mycorrhizal partners
over their full life cycles or at least over critical parts thereof, in the presence of
the environmental variables likely to be imposed upon the systems in nature.
Since these variables themselves differ at global (e.g. latitudinal) and local (e.g.
edaphic) scales, it can be predicted that selection will have favoured distinctive
attributes in the plant and fungal partners under each environmental circum-
stance. These attributes have been readily recognised by plant ecologists and
used to define biomes (Odum 1971) or communities (Ellenberg 1988) based
upon suites of largely phenological characteristics seen above ground.

That similar selective forces have moulded mycorrhizal fungal communi-
ties is indicated by the changes observed at the global scale in the extent of
occurrence of arbuscular mycorrhizal, ecto-mycorrhizal and ericoid mycor-
rhizal categories of the symbiosis in different biomes (Read 1991).While these
shifts are relatively easy to detect, there is every likelihood that effects at the
more local scales will influence selection of genotypes within each category of
the symbiosis but, to date, we have been less aware of this possibility. Small
scale changes of community structure, for example of the kind enabling iden-
tification of particular phyto-sociological units within broader groupings,
sensu Braun-Blanquet (1928) and Rodwell (1991), may well be linked to, even
driven by, distinctive genotypes of mycorrhizal fungi. The recent demonstra-
tion (van der Heijden et al. 1998a,b) that genotypic diversity within AM fun-
gal communities can have major impacts upon the performance and compo-
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Fig. 1.2. Studies of the mycorrhizal symbiosis can be carried out at a number of levels.
As we move up the hierarchy of complexity there is a likelihood that our observations
have greater relevance but at the expense of precision. (Modified from Körner 1993)Figure 1: The opposing ’precision-relevance-relationship’ in the hierarchy of complexity in answe-

ring ecological questions associated with mycorrhizal functioning. Studies of the mycorrhizal
symbiosis are carried out at different hierarchical levels of plant organisation, while usually
focussing on the lower levels (modified from Read, 2002).

This thesis provides insights into the effects of the mycorrhizal symbioses on plant
distributions and their role in alien plant invasions at a large spatial scale. Each chapter de-
monstrates a surplus of incorporating information regarding the mycorrhizal associations
of plant species. Thereby, the thesis concurrently demonstrates a need for differentia-
tion to deepen our understanding of the influence of the mycorrhizal symbiosis in the
context of alien plant invasions by plant species’ mycorrhizal status (instead of merely
differentiating between mycorrhizal and non-mycorrhizal), floristic status, and the incor-
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poration of trait interactions involving the mycorrhizal symbiosis. Moreover, integrating
the mycorrhizal symbiosis while studying the underlying processes of plant invasions
is a great opportunity to explore general aspects of plant ecology that influence plant
community assembly, ecosystem functioning, and/or stability (Sax et al., 2007; Traveset
and Richardson, 2014), and will provide additional insights into the joint ecology of both
symbiotic partners. Moving beyond a description of plant communities predominantly
via eco-physiological traits, including traits related to biotic interactions such as the
symbiosis will promote a trait-based ecology addressing all aspects of organisms and
lead to a comprehensive understanding of plant distributions and community ecology
(McGill, 2015). The present thesis encourages the use of plant mycorrhizal status (and
potentially related mycorrhizal traits) as straightforward and simple functional traits
to incorporate the mycorrhizal symbiosis to analyses of the abiotic and biotic processes
shaping large-scale plant distributions and compositions of plant communities.
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