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„Se. Excellenz der Herr Minister für Landwirthschaft, Domänen und 
Forsten hat, um die Zucht der Trüffel im Königreiche Preussen nach 
Möglichkeit zu fördern, mich beauftragt zunächst durch wissenschaftliche 
Untersuchungen über die Bedingungen des Vorkommens und der 
Entwickelung dieser Pilze der Angelegenheit planmässig näher zu treten. 
[…] Es betrifft die Thatsache, dass gewisse Baumarten […] ganz 
regelmässig sich im Boden nicht selbständig ernähren, sondern überall in 
ihrem gesammten Wurzelsystem mit einem Pilzmycelium in Symbiose 
stehen, welches ihnen Ammendienste leistet und die ganze Ernährung des 
Baumes aus dem Boden übernimmt. So überraschend dieser Satz klingen 
mag, so ist er durch die Ausdehnung meiner Untersuchungen schon jetzt 
als festbegründet zu betrachten. […] Der ganze Körper ist also weder 
Baumwurzel noch Pilz allein, sondern ähnlich wie der Thallus der Flechten, 
eine Vereinigung zweier verschiedener Wesen zu einem einheitlichen 
morphologischen Organ, welches vielleicht passend als Pilzwurzel, 
Mycorhiza bezeichnet werden kann.“ 

   

   
A. B. Frank, 1885 
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1 Introduction 
 
 
1.1 Mycorrhizal symbioses 
The term “symbiotismus” dates back to Frank (1877), who used it as a neutral description for close 
coexistence of two different organisms, as he observed in lichens. Later, De Bary (1879) coined 
“symbiosis”, in which he integrated all kinds of coexistence, ranging from antagonism over parasitism to 
mutualism, and he stated that often these forms can not be clearly differentiated. Nowadays, symbiosis is 
either used for all kinds of close interactions – in the original sense of De Bary, or – probably more 
often – associated only with close mutualistic interactions (Lewis 1985, Saffo 1992, Bronstein 1994). 
“Mycorhiza” was first used by Frank (1885) to describe associations between roots of trees and fungi, 
which take over plant nutrition. Nowadays, mycorrhizas are usually known to be mutualistic interactions, 
in which a bidirectional nutrient transfer takes place: the fungus (also called mycobiont) provides its host 
plant (photobiont) with soil nutrients – more effective than nutrient uptake by the plant itself would be – 
and in turn receives carbohydrates from the photosynthetic host (e.g. Smith & Read 1997). However, the 
balance of this interaction can shift to less mutualistic conditions – either for the plant or the fungus, 
depending on plant or fungal species and abiotic or biotic conditions (e.g. Johnson et al. 1997). 
Nonmycorrhizal roots are quite rare in nature (e.g. Harley & Harley 1987), underlining the great 
importance of mycorrhizas in ecosystem processes; nevertheless these associations are quite often 
neglected in ecological studies. 
The most widespread type is the arbuscular mycorrhiza (AM; formerly called vesicular-arbuscular 
mycorrhiza, VAM). It is formed between almost all members of the fungal phylum Glomeromycota and 
approximately 75-80% of extant vascular plant families (Schüßler et al. 2001, Treseder & Cross 2006); 
but it can also be found in thallose liverworts and hornworts (Stahl 1949, Schüßler 2000, Kottke & Nebel 
2005; for a check-list also see Wang & Qiu 2006). The other dominating type, although only found in 
about 3% of phanerogams – predominantly in trees – is the ectomycorrhiza (EM), most commonly 
formed by species of the Basidiomycota, followed by Ascomycetes and few Zygomycetes (e.g. Smith & 
Read 1997). These two mycorrhiza-types show quite contrasting features concerning their morphology 
and ecology, which are listed in Table 1. 
To complete the list of mycorrhiza-types, the ectendo-, ericoid, arbutoid, monotropoid and orchid 
mycorrhiza should be briefly mentioned, with the first type occurring in some conifers and the others in 
plant groups referred to by their names (for further information see e.g. Smith & Read 1997). Whereas 
the first three types are believed to be mutualistic associations, the monotropoid mycorrhiza is formed in 
achlorophyllous plants. These so called myco-heterotrophic species are dependent on the fungi even for 
nutrition with carbon, which – in the case of monotropoid mycorrhiza – the fungus receives from another, 
photosynthetic host plant (Bidartondo 2005). Such examples, which also can be found within arbuscular 
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mycorrhizal symbioses (Leake 1994), show that mycorrhizas cannot always be regarded as simple 
+/+ interactions between two organisms. In orchid mycorrhizas interrelations become even more 
complicated: plants are also dependent on the fungi for carbon and nutrient uptake in early 
developmental stages and actually show some parasitic behaviour; however, colonization can as well 
lead to parasitism by the fungus and result in the plant’s death. In case of a compatible infection, 
achlorophyllous orchids keep receiving carbon from their mycobionts, which the fungi might obtain 
saprotrophically, mutualistically from another host or even parasitically, whereas the situation in green 
orchids is less clear (Smith & Read 1997, Rasmussen 2002). 
The present study deals with the most widespread mycorrhiza-type, the arbuscular mycorrhiza, which will 
be described in more detail in the following chapters. 
 

Table 1: Different features of arbuscular mycorrhizas (AM) and Ectomycorrhizas (EM). 

AM EM References 

Endomycorrhiza; fungus enters 
plant cells 

fungus only grows intercellularly e.g. Smith & Read 1997 

around 200 species 5000 – 6000 species AM: *; EM: Molina et al. 1992, 
Buscot et al. 2000 

no or low host specificity 
(still discussed) 

often highly host-specific Allen et al. 1995, Smith & Read 
1997; AM: also see below 
(Chapter 1.2.3) 

 few fungal species in 
communities with great plant 
diversity (e.g. 25-30 AM-spp. in a 
tropical forest) 

 many fungal species, where few 
plant species dominate (e.g. 1000 
EM-spp. in temperate coniferous 
forest) 

Allen et al. 1995; 
AM: Husband et al. 2002 

usually predominant in:   

soils with low organic matter soils with organic matter 
accumulation 

Janos 1980, Read 1991, 
Allen et al. 1995 

base-rich soils acidic soils Janos 1980, 
Smith & Read 1997 

P-limited systems N-limited systems Smith & Read 1997; 
EM: Buscot et al. 2000 

earlier seral stages later seral stages Allen 1991, 
Smith & Read 1997 

lower latitudes and altitudes higher latitudes and altitudes Read 1991 

arid and semiarid biomes mesic biomes Allen et al. 1995 

grasslands, tropical forests boreal & temperate forests Allen 1991, Read 1991, 
Smith & Read 1997 

* http://www.lrz-muenchen.de/~schuessler/amphylo/amphylo_species.html 

 
1.2 Arbuscular mycorrhiza (AM) 
1.2.1 Morphology 
Eponymous for this type of mycorrhiza are the arbuscules, tree-shaped structures within plant cells 
(Fig. 1a,c,d), where the nutrient transfer from fungus to plant – and possibly also the carbon transfer from 
plant to fungus – takes place. Arbuscules typically emanate from an intercellular mycelium (Fig. 1a,b) 
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Fig. 1: AM structures in Artemisia vulgaris (Arum-type; a-f), Lysimachia nummularia (Paris-type; h) and Bromus 
japonicus (intermediate type; i-j), stained with lactophenolblue; (g) mycorrhizal spores, unstained. 
(a) Mycorrhizal structures within a root. A = intracellular arbuscules, V = intercellular vesicles, IH = intraradical 
hyphae (intercellular). (b) intercellular hyphae in detail. (c) and (d) dichotomously branching, tree-shaped arbuscules 
in detail. (e) vesicle in detail, including a big lipid body (L). (f) extraradical hyphae (EH) spreading from the root 
surface. (g) external mycelium with spores (S, Glomus hoi). (h) intracellularly growing (see arrow) hyphae forming 
hyphal coils (C). (i) intracellularly growing (see arrow) hyphae with emanating arbuscules (A). (j) intracellular (see 
arrow) vesicle (V). 
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which is formed inside the plant root and, beside arbuscules, is also discussed to be the site of carbon 
transfer from plant to fungus (Gianinazzi-Pearson et al. 1991, Smith & Smith 1996, Smith & Smith 1997). 
These characteristics were described as the Arum-type by Gallaud (1905, Fig. 2), named after the host 
plant, in which it was detected. Another growth pattern was termed Paris-type; there, hyphae grow 
through the root intracellularly, and hyphal coils are built in host cells instead of arbuscules (Fig. 1h). 
Which type is formed, is mainly believed to depend on the host species (Smith & Smith 1997); however 
there are indications that fungal identity may as well play a role (Cavagnaro et al. 2001). Between these 
two extremes, many intermediate forms can be found (Smith & Smith 1997; Dickson 2004; Fig. 1i,j). In 
any case, an extraradical mycelium for soil nutrient uptake is formed (Fig. 1f; see Chapter 1.2.3), which 
produces vegetative spores (Smith & Read 1997; Fig. 1g). Moreover, arbuscular mycorrhizal fungi (AMF) 
can produce intra- or – in most cases – intercellular vesicles (Fig. 1a,e,j), globular cells serving as 
storage organs, though they are not formed by all fungal genera (Daft & Nicolson 1974, Walker 1995). 
Therefore the term “vesicular-arbuscular mycorrhiza” has been renamed into “arbuscular mycorrhiza”. 
 
 

 
Fig. 2: Drawings of mycorrhizal structures within plant roots by Gallaud (1905). 
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1.2.2 Fungal phylogeny and species identification 
AM is the most ancient mycorrhiza and assumed to have been important for the establishment of the first 
land plants (e.g. Simon et al. 1993). Oldest fossils of hyphae and spores date back to the Ordovician 
(460 million years), which also supports estimates based on molecular data, that glomalean fungi may 
already have evolved around 600 million years ago (Berbee & Taylor 2000, Redecker et al. 2000). 
Formerly, AMF have been placed into the Endogonales (Benjamin 1979, Morton 1988) or the Glomales 
(Morton & Benny 1990, Simon 1996) of the Zygomycetes, but recently, they have been found to be a 
separate, monophyletic group, and a new fungal phylum, the Glomeromycota, was established (Schüßler 
et al. 2001). 
Species identification, however, is difficult, as these fungi lack easily recognizable, distinct morphological 
features. With substantial experience it is possible to do morphotyping based on spores (Trappe 1982); 
however, the morphological diversity of spores probably does not reflect their genetic plasticity (Clapp et 

al. 2001). So far, around 200 species, assigned to 12 genera, have been described 
(http://www.lrz-muenchen.de/~schuessler/amphylo/amphylo_species.html), which probably vastly 
underestimates their real number (Börstler et al. 2006). Moreover, the problem arises that spores present 
in soil do not reflect the fraction of active AMF (Clapp et al. 1995, Merryweather & Fitter 1998, Turnau et 

al. 2001, Renker et al. 2005), and structures formed in roots can at best be distinguished at the family or 
genus level (Merryweather & Fitter 1998). Alternatively, sequencing parts of the nuclear ribosomal DNA 
(rDNA) can be used to identify species – as spores, in roots or directly from soil – on molecular basis 
(e.g. Sanders et al. 1996, Helgason et al. 1998, Renker et al. 2003, Hempel et al. in press); for more 
detailed information see Chapter 3 and Renker et al. (2005). 
Generally, the species concept is difficult to adopt in the Glomeromycota, since they obviously do not 
reproduce sexually, which also may lead to heterokaryoses in the coenocytic hyphae and multinucleate 
spores (Sanders 1999, Kuhn et al. 2001). However, the idea of heterokaryosis is still discussed 
controversially, since different sequences obtained from one individual might as well originate from 
various copies of the rDNA within one nucleus, pleading for homokaryosis (Pawlowska & Taylor 2004). 
 
1.2.3 Ecology and function 
AMF are supposed to be obligate symbionts depending on host carbon and failing to grow any further 
– after spore germination – if no suitable host is available (but also see Hildebrandt et al. 2006, Hempel 
et al. in press). Otherwise, they colonize the plant root, which can also occur from neighbouring plants or 
mycorrhizal root fragments in soil (Smith & Read 1997), where a physiological and genetical cross-talk 
between plant and fungus takes place (Smith & Read 1997, Harrison 2005, Hause & Fester 2005, 
Paszkowski 2006). 
For establishment and functioning of the symbiosis, the nutritional status of the host is also important. It 
has been shown that roots of nutrient-stressed plants – compared to well-supplied ones – release more 
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carbohydrates and amino acids into the soil, which in turn stimulates root colonization by AMF 
(Ratnayake et al. 1978, Graham et al. 1981, Schwab et al. 1991). Further on, a low plant nutrient status 
positively affects carbon allocation to the fungus via symbiotic interfaces (Olsson et al. 2002, Olsson et 

al. 2005), which vice versa increases nutrient uptake by the fungus and transfer to the host (Bücking & 
Shachar-Hill 2005). 
Generally, the fungi are not considered to be host specific; nevertheless, some results indicate that there 
may be preferences for specific fungus-host combinations and that fungal as well as plant performance 
differ depending on these combinations (Bever et al. 1996, Streitwolf-Engel et al. 1997, van der Heijden 
et al. 1998a, Eom et al. 2000, Helgason et al. 2002, Vandenkoornhuyse et al. 2002b). There are only a 
few plant families typically not colonized by AMF, including e.g. the Cyperaceae, Juncaceae, 
Brassicaceae, Chenopodiaceae and Caryophyllaceae, although exceptions about “non-host” species 
containing AMF have been reported (Newman & Reddell 1987, Tester et al. 1987, Miller et al. 1999, 
Orlowska et al. 2002, Regvar et al. 2003). 
Usually, mycorrhizal plants grow better than nonmycorrhizal controls (Mosse 1957), which mainly is 
because AMF improve the phosphorus nutrition of their hosts (Sanders & Tinker 1971, Hayman & Mosse 
1972). Extraradical hyphae, which have the capacity to absorb poorly-mobile phosphate and transport it 
to the plant, possess a larger surface area than root hairs and extend into areas beyond the depletion 
zone of the root itself. Additionally, AMF hyphae are able to take up P at lower soil concentrations than 
plants; however, it is not sure, whether they access P forms that are otherwise unavailable to the host 
(Mosse et al. 1973, Bolan 1991, Jakobsen 1992 a, b, Clark & Zeto 2000, Koide & Zabir 2000, Bucher 
2007). 
An increasing number of AM studies show that the fungi may also enhance the uptake of other nutrients 
than P, like e.g. N (for more detailed information see Chapter 4 & 5, Blanke et al. 2005 and Blanke et al. 
submitted), Zn and Cu, whereas inconsistent results have been found for K, Mg, Ca and Na (Marschner 
& Dell 1994, Clark & Zeto 2000). AMF can also promote plants growing on toxic substrates, including 
saline (Al-Karaki 2000, Hildebrandt et al. 2001) or heavy metal contaminated soils (Leyval et al. 1997, 
Hildebrandt et al. 1999, Kaldorf et al. 1999). Furthermore, improved water relations (Al-Karaki 1998, 
Augé 2001, Querejeta et al. 2006) and increased resistance or tolerance to pathogens (Newsham et al. 
1995, Azcón-Aguilar & Barea 1996) or herbivores (Kula et al. 2005) have been found in mycorrhizal 
plants. 
However, most studies are dealing with the involvement of AM in P uptake, and it was often shown that if 
P was available in sufficient amounts for direct uptake by plants to cover their demand, colonization 
intensity of roots decreased (e.g. Daft & Nicolson 1969, Sanders & Tinker 1973, Abbott et al. 1984), since 
well-supplied plants provide less carbohydrates, and hence, support less fungi. Alternatively, fertilization 
may select less mutualistic fungal strains, which aggressively colonize roots to the same extent as 
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mutualistic strains, and thus, exert a great carbon cost but deliver less nutrients to the plant (Johnson 
1993, Smith & Smith 1996, Dekkers & van der Werff 2001). This process is often called cheating. 
 
1.2.4 AM in plant communities 
In natural communities, cost-benefit analyses become more difficult: Influences of AMF on plants may 
differ from those found in single species combinations grown in pot cultures, since there might be 
density- or species-dependent effects (Hartnett & Wilson 2002, Hart et al. 2003). Interpretation of 
mycorrhizal effects is further complicated as they can manifest themselves in a variety of ways, such as 
increased whole plant nutrient uptake, growth or fitness, which are not necessarily correlated (Jones & 
Smith 2004). 
Plant species vary in their mycorrhizal responsiveness, and accordingly dependency, and beside 
nonmycotrophic species there are facultative and obligate mycotrophic species (Stahl 1900, Janos 1980, 
Hetrick et al. 1992, Molina et al. 1992). These differences in plant species’ dependency on mycorrhizal 
colonization can influence their competitive ability and therefore coexistence, which finally determines 
community composition (Moora & Zobel 1996, Hartnett & Wilson 1999, Hart et al. 2003; for more detailed 
information also see Chapter 5 and Blanke et al. submitted). In this way, succession rates can be 
determined as well, as the presence of AMF promotes the establishment of mycotrophic – usually late-
successional – plant species at the expense of non mycorrhizal – rather early-successional – species 
(Janos 1980, Allen & Allen 1984, Allen 1991, Gange et al. 1993). 
Another mechanism affecting coexistence of plants is nutrient distribution via common mycorrhizal 
networks (CMNs). The same fungal individual can colonize several plant species, and one plant can 
harbour different fungal species or strains (e.g. Read 1998, Allen et al. 2002), and in addition, 
anastomoses between the external mycelia of different hosts can be formed, at least between genetically 
identical fungal isolates (Giovanetti et al. 2004). As a result, extensive hyphal networks are formed. Many 
studies have examined the nutrient transfer between plants and it has been shown, that carbon, 
phosphorus and nitrogen can be exchanged via mycorrhizal connections both between plants of the 
same species and between different species; however, there is controversy about the actual net transfer 
(Newman 1988, Simard et al. 2002, He et al. 2003, Simard & Durall 2004). Assuming that nutrients are 
transferred in ecologically significant amounts, Grime et al. (1987) proposed that assimilate transfer from 
source to sink organisms might be important for maintaining species-rich communities, and the same has 
been proposed for the transfer of other nutrients (Newman 1988, Hartnett & Wilson 2002, Simard et al. 
2002, Hart et al. 2003). 
According to above mentioned preferences for specific fungus-host combinations, plant community 
structure and diversity may as well – or additionally – be affected by the identity and diversity of AMF 
present (Streitwolf-Engel et al. 1997, van der Heijden et al. 1998b) and vice versa, plant species 
composition and diversity may impact fungal diversity (Johnson et al. 1992, Bever et al. 1996, Eom et al. 
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2000, Burrows & Pfleger 2002, Johnson D. et al. 2003). Moreover, fungi directly respond to 
environmental factors, such as temperature, moisture (Allen et al. 1995) or soil conditions (Johnson et al. 
1992), and AMF diversity might also be reduced in disturbed systems (Helgason et al. 1998, Egerton-
Warburton & Allen 2000, Daniell et al. 2001, Azcón-Aguilar et al. 2003), indicating that fungal diversity is 
not only affected by plant-fungus interactions. 
 
1.3 The Steudnitz field site 
The site investigated in this study is located near the village Steudnitz, in the Central Saale Valley, 
approximately 13 km north of Jena (Thuringia, Germany). It is a calcareous slope, characterized by an 
extreme enrichment of the soil with phosphorus (total amount up to 120 g kg-1; Langer & Günther 2001) 
and accordingly, a high P availability (4 to 12 g kg-1 soil; Wagner 2004b, Held & Baldwin 2005), 
originating from 30 years of phosphate fertilizer production. 
This area was subject of an intense survey through various projects, including nine years of research 
within the scope of an interdisciplinary Research Training Group (GRK 266 “Analysis of the Functioning 
and Regeneration of Degraded Ecosystems”) at the Friedrich-Schiller-University of Jena, funded by the 
German Research Foundation (DFG). The present work belongs to the third and final three year phase of 
this GRK. 
More information about the study site, including its history, soil data, vegetation development and an 
overview of projects carried out, synthesizing the results with regard to regeneration and restoration 
potentials, is provided in Chapter 2 and Blanke et al. (in press). 
 
1.4 Aims and structure of this study 
Since the main role of arbuscular mycorrhizal fungi is to supply plants with phosphorus, and high soil 
P levels usually render mycorrhiza unnecessary (see Chapter 1.2.3), the first attempt was to look 
whether plants at the Steudnitz field site were mycorrhizal at all. 
This work was started in 2000, in the previous phase of the Research Training Group and finished in 
2002, the first field season of the present project. In microscopic and molecular analyses of roots, most 
plant species were found to be mycorrhizal (Renker et al. 2005); the phylogenetic tree of AMF species in 
Steudnitz is also shown in Chapter 3. 
The object of subsequent investigations – representing the main body of this work – was to provide an 
explanation for this finding. 
Along with large P amounts in soil, the Steudnitz site is characterized by low soil N levels, leading to a 
very unbalanced N:P ratio (see Chapters 2, 4 & 5). Thus, experiments focussing on nitrogen availability 
were carried out. In 2002, tissue elements and mycorrhizal states of plants along a soil N gradient were 
assessed (Fig. 3a). As these results suggested that mycorrhization may be affected by N supply, an 
N fertilization experiment (Fig. 3a,b,c) was performed one year later to confirm this hypothesis (see 
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Chapter 4 and Blanke et al. 2005). To prove that AMF are actually able to improve the N nutrition of their 
hosts, which is still controversially discussed in the literature (see Chapter 5), the fertilization experiment 
was repeated in 2004 and a fungicide treatment was included (Fig. 3a,b,c; see Chapter 5 and Blanke et 

al. submitted). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
___________________________________________________________________________________ 
Fig. 3 (next page): Field site and experimental design. 
(a) Aerial view of the Steudnitz field site and approximate location of experimental plots. The yellow dashed line 
separates the upper from the lower slope. Plots 1, 2 and 3 (green; experiment 1, Chapter 4) are situated about 50, 
200 and 800 m, respectively, from the former factory. Close to plot 1, the plots of the nitrogen fertilizer (N) 
experiment (orange, exp. 2, Chapter 4) and the combined nitrogen and fungicide (Benomyl; N&B) experiment 
(orange and violet, exp. 3, Chapter 5) were established. (b) Design of experiments 2 and 3. Six blocks were divided 
into four plots (each 2x2 m with trails in between), respectively (two of them were not used for experiments reported 
here; for further information see Wagner 2004a). The lower plots were fertilized with N (+N plots, orange) on an 
annual basis from 2000 to 2004 (see Chapters 4 & 5). In 2004, each plot was further divided into two subplots, and 
lower subplots were treated with the fungicide Benomyl (+B subplots, violett) biweekly (see Chapter 5). To avoid 
leaching of nitrogen into downhill plots due to the strong inclination of the slope, the randomization within blocks was 
restricted (upper and lower rows were separated by a strip of 0.5 m). (c) Photo of the nitrogen- and fungicide- treated 
field plots. +N = fertilizer-treated plots, -N = control plots (dashed orange lines); +B = fungicide-treated subplots, 
-B = untreated subplots (dotted violet lines). 
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Fig. 3 (legend: previous page) 
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2 The power of regeneration: Lessons from the Steudnitz field site 
 
 
2.1 Introduction: Regeneration and restoration potentials of systems 
In Central Europe, nearly all ecosystems are influenced by human activities. The most frequent 
anthropogenic sources of disturbance are urbanization, industrial activities, agriculture, and forestry. Due 
to their resilience, ecosystems to some degree have a capacity for self-recovery after the disturbance has 
ceased. However, in many cases soils are heavily degraded, the seed bank is impoverished and, 
additionally, the disturbed sites are very large or isolated from natural surroundings. Here, recovery of a 
system cannot rely on spontaneous succession (Prach 2003), and the site has to be actively restored. 
However, restoring an ecosystem implies having a precise restoration goal which raises the question of 
what to restore: the structure of a system, its function, or other attributes (Palmer et al. 1997, Hobbs & 
Harris 2001); these aims are often restricted by the fact that many areas can not necessarily be returned 
to the potentially natural community. 
For a long time, ecological restoration has been ignored by the scientific community and restorationists 
tended to describe case studies instead of searching for common principles. However, restoration is only 
effective and reasonable if it takes into account fundamental principles of community ecology (Temperton 
et al. 2004). At the same time, the restoration of degraded sites provides an ideal framework for testing 
theories of ecosystem functioning (Palmer et al. 1997). Thus, restorationists and ecologists can and 
should cooperate and learn from each other. 
 

An important basis for understanding a system is the splitting of species into functional groups or guilds 
(Wilson 1999). Such classifications can be used for prediction of species assemblages and provide a tool 
for selecting species for restoration purposes (Gondard et al. 2003). Assembly rules predict patterns of 
species presence or abundance based on the occurrence of other species (Wilson & Gitay 1995) and are 
an ideal tool for integrating community ecology and restoration practice. The identification of common 
rules for ecosystem functioning has led to the design of frameworks describing the development of 
disturbed ecosystems. 
In this context, environmental conditions are filters that determine which species are able to establish at a 
site. The allegory of using filters or thresholds enables us to identify the status or transition state of an 
ecosystem (Keddy 1992). Indeed, ecosystems are not stable in terms of stagnation, but rather are 
fluctuating between different alternative stages (Palmer et al. 1997). Only if a system steps beyond a 
certain threshold of degradation, it cannot return to a functional state by itself, which has been illustrated 
in a model by Whisenant (1999): In heavily degraded systems, the crossing of an abiotic threshold 
requires active modifications of the physical and/or chemical environment to start regeneration. 
Ecosystems that are degraded only to a minor degree, can be raised over a biotic threshold, existing at a 
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higher level of system function, e.g. with the help of vegetation manipulations like replanting. If no 
threshold has been crossed, restoration efforts only require improved management. This threshold model 
has been further developed by combining it with the species assemblage theory, leading to the “dynamic 
environmental filter model” (Fattorini & Halle 2004). Here, the pool of established species comprises 
species from an external pool (surroundings) and species from an internal pool (organism bank), which 
were able to pass the abiotic filter (physical or chemical site conditions) and the biotic filter (species 
interactions). Hence, for restoration purposes, it is crucial to identify and selectively influence the filters 
orchestrating the ecosystem’s integrity. 
 

To obtain an improved understanding of the functioning of anthropogenically disturbed ecosystems, and 
thus of their self-regeneration and restoration potentials, this review focuses on the industrially polluted 
grassland briefly introduced in Chapter 1.3, which was subject to an intense survey since 1990. 
 
2.2 Characteristics and history of the study site 
As mentioned in 1.3, the field site Steudnitz is located in the Central Saale Valley, 13 km north of Jena, 
Thuringia, Germany (51°01’ N, 11°41’ E). It is a calcareous, east-facing slope, ranging from 140 to 
200 m above sea level and covering an area of circa 4.8 ha, which can be divided into a steep lower part 
(slope angle of 30-35°), characterized by thin-layered rendzina soils, and a gently sloping upper part 
(inclination of about 10°), with more developed soils distinguished by a loess layer (Fig. 3a). Mean 
annual rainfall is 586 mm and average air temperature 9.3°C (Heinrich et al. 2001); for recent climate 
data see Table I (Appendix). 
Before the onset of pollution in the 1950s, the lower part was covered by grassland, shrubs, and trees; 
the upper part was used for agriculture in the 1940s and as an orchard in the 1950s. Between 1960 and 
1990, phosphate fertilizer production resulted in the deposition of large amounts of alkaline dust (up to 
35 g m-2 per month, Heinrich 1984) and contamination of the field site that lay downwind of the fertilizer 
factory (Heinrich et al. 2001). As a consequence, soil pH was raised to values of up to 10, and levels of 
phosphate, sodium, calcium, cadmium, and fluoride were exceedingly high (Metzner et al. 1997). At the 
same time, from 1980 on, the lower part of the slope close to the factory was a mosaic of bare ground, 
resulting in low soil nitrogen concentrations, and of patches of the salt-tolerant grass Puccinellia distans 
(Poaceae) (Fig. 5). The upper part of the slope was occupied by species-poor Elymus repens (Poaceae) 
grassland (Heinrich et al. 2001). 
 

Projects concerning various filters which form an abiotic and a biotic threshold for regeneration and 
ecosystem functioning were carried out at different regeneration states, at different distances from the 
former factory and hence, at different levels of degradation. Still existing gradients along the valley and 
the slope provide the opportunity to observe the system’s regeneration at different disturbance stages at 
the same point of time. 
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2.3 Projects and their outcomes 
After cessation of the pollution, a rapid regeneration process started that was monitored and further 
elucidated in terms of restoration possibilities by selective experiments. Fig. 4 shows how the different 
approaches can be fitted into one conceptual framework for regeneration and restoration ecology, 
according to the threshold model by Whisenant (1999). 
 

 
Fig. 4: Projects carried out at the Steudnitz field site, fitted into a conceptual model according to Whisenant (1999). 
The structural system state on the x-axis is plotted against the functional system state on the y-axis. The resulting 
plane is separated by an abiotic threshold and a biotic threshold into three transient states. Underlying disturbances 
and investigations performed at the Steudnitz site are fitted into the respective states. The dashed grey line indicates 
system recovery without human intervention. The solid black line shows how recovery may be promoted by 
interventions and management practices, which have been tested at the Steudnitz field site. 

 
2.3.1 Abiotic filters 
For assessing abiotic filters, soil parameters were monitored throughout the last 15 years. To date, total 
soil phosphorus content is still very high (up to 120 g kg-1 soil) and nitrogen quite low (1-2 g kg-1), at least 
at the lower part of the slope near the former factory. Also, concentrations of cadmium (up to 
33 mg kg-1 soil), and fluoride (up to 5300 mg kg-1 soil) are still elevated, but probably immobilized due to 
the high regular pH around 8 of the calcareous soil. The other elements have been mostly leached out 
(Metzner et al. 1997, Langer & Günther 2001). Moreover, due to the steep slope and calcareous soil, 
plants have to cope with drought stress. Currently, soil water relations and movement are investigated to 
analyze and model translocation processes along the slope and into deeper soil layers (S. Küster, 
personal communication). 
Furthermore, the impact of edaphic conditions on the established organisms was elucidated. Lower 
microbial biomass but higher enzyme activity was found at sites with higher residual contamination. This 
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can be interpreted as a response of microbes to environmental stress (Langer & Günther 2001) and 
could serve as a measure of ecosystem degradation. Presently, adaptation of actinomycetes to heavy 
metal pollution, especially cadmium, and their suitability for remediation of highly polluted sites are being 
investigated (M. Siñeriz, personal communication). Apart from the direct toxicity of heavy metals to 
plants, it was shown that plants growing at polluted sites appear to be hampered in their ability to 
regulate their secondary defense metabolism upon herbivory and were thus more susceptible to feeding 
insects. This correlated with the plants’ impeded ability to respond to the defense-related, fatty acid-
derived, phytohormone jasmonic acid (Held & Baldwin 2005). Indeed it was shown that heavy metals 
severely interfere with the plants’ signaling network (Mithöfer et al. 2004). For a deeper understanding of 
the impact of such a shift in fatty acid derived signals in plants, a method for the comprehensive analysis 
of these compounds was established (Schulze et al. 2006). 
To investigate nutrient availability as an abiotic filter, potted-plant experiments were carried out at various 
P and N levels with the early-successional E. repens and the late-successional Arrhenatherum elatius 
(Poaceae). E. repens was able to grow at higher P concentrations and produced fewer stress metabolites 
(measured as proline content) than A. elatius (R. Rothe, personal communication). This observation may 
help to explain the shift in occurrence from the former to the latter species that was observed during 
regeneration of the Steudnitz site. A field experiment in the area near the factory characterized by low 
soil N showed that N fertilization improved the performance of a number of species, indicating a limitation 
of these species by nitrogen. Likewise, N-fertilized plots had a higher species density, compared to 
unfertilized control plots (Wagner 2004a). This implies that not only the high P content at the Steudnitz 
field site is an important filter for species establishment but also the low N level, leading to a strong 
N:P imbalance. 
 
2.3.2 Biotic filters 
Considering the increasing importance of biotic filters in contrast to the decreasing influence of abiotic 
filters with time, long-term observations of succession and development of community composition were 
the basis for further studies. The lower slope started from an almost mono-species vegetation of the salt-
resistant and stress-tolerant ruderal P. distans with scattered Atriplex sagittata (Chenopodiaceae), and 
developed into a diverse ruderal plant community of about 60 species of higher plants within one decade 
(Heinrich et al. 2001; Fig. 5). For example Artemisia vulgaris, Picris hieracioides, Senecio vernalis 
(Asteraceae) and Cerastium pallens (Caryophyllaceae) are presently reaching high abundances. 
Arranging species into plant strategy types (Frank & Klotz 1990, sensu Grime 1977) revealed an increase 
of competitive ruderals as well as of competitors during the regeneration process (H. Schulze, personal 
communication). In the transition zone between the lower and upper part of the slope, E. repens is still 
dominant and seems to retard succession. At present, a plant removal experiment is carried out to 
assess the inhibitive effects of E. repens on other species (H. Schulze, personal communication). The 



2 The power of regeneration: Lessons from the Steudnitz field site 

 18 

upper part of the slope, where competitors clearly prevail, is covered by a species-poor grassland that is 
dominated by A. elatius and E. repens and contains ruderal elements such as Sonchus arvensis, Cirsium 

arvense (Asteraceae), and Vicia hirsuta (Fabaceae). 
 

 
Fig. 5: Factory near, lower slope of the Steudnitz field site in a time series, with factory buildings in the background 
(meanwhile torn off). 1979: dead vegetation while fertilizer production was still in progress. 1991: near mono-specific 
Puccinellia distans vegetation one year after closure of the factory. 2000: species-rich ruderal plant community. 

 
At the lower slope, most plant species seem to have colonized from outside rather than from a seed 
bank. Two lines of evidence support this assumption: first, the soil seed bank contains only half of the 
species occurring in the vegetation, and these seeds are largely confined to the surface soil (Wagner 
2004a, Wagner et al. 2006); and second, species adapted to long-distance dispersal by means of 
plumed propagules colonized the site much faster than species without this adaptation (Wagner 2004b). 
Furthermore, removal of vegetation and introduction of a nurse plant (P. hieracioides) revealed the 
importance of disturbance and the availability of save sites for seed germination (Temperton & Zirr 2004). 
The relevance of the seed bank at the upper, less degraded, slope is presently being investigated 
(U. Gerighausen, personal communication). 
Functional group analysis indicated that the beginning of regeneration was characterized by the 
occurrence of non-specialized annual forbs and ruderalists. This plant community composition 
consequently influenced species structure of herbivores, where generalists now dominate (Perner et al. 
2003, Voigt & Perner 2004). Currently, the reverse effects of insect herbivory on the plant community are 
being examined (U. Gerighausen, personal communication). 
Investigations of arbuscular mycorrhiza showed a reduced diversity compared to unpolluted reference 
sites, but none of the detected species was exclusive to Steudnitz, and thus, maybe adapted to the 
polluted soil (Renker et al. 2005, and see Chapter 3). It was surprising that plants were strongly colonized 
by arbuscular mycorrhizal fungi at all, because in a phosphorus-rich habitat, the mycorrhiza should not 
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play an essential role in the phosphorus nutrition of hosts, usually its main function. However, it could be 
shown that at least at the lower slope, plants probably benefit from an improved N uptake due to the 
fungi (Blanke et al. 2005, Blanke et al. submitted, and see Chapters 4 & 5). 
Taking advantage of the disturbance gradients at the Steudnitz site, the food-web structure, a measure 

for ecosystem stability, could be assessed by observing the stable isotope (δ15N) value of various 

arthropods. Using universal rules of δ15N fractionation and enrichment through the trophic hierarchy, the 

trophic level of each consumer could be assigned and the complexity of the food web evaluated, which 
should allow an estimation of the developmental state of an ecosystem. At the same time, shifts in 

δ15N values of the environment (e.g. through establishment of N2-fixing plants and the accumulation of 

decomposed organic matter) were reflected in a shift in the isotopic composition of the established 
community (Rothe & Gleixner 2004). 
 

Finally, at the least-disturbed upper slope, there is the possibility to study the potential of management 
methods like mowing, burning, and mulching for directing the development of this species-poor grassland 
into a more desirable target system. Management measures aim to direct the vegetation development by 
gap creation, litter and nutrient removal or reduced competition. In a combined seed addition experiment 
the importance of disturbance for the establishment of new species ought to be assessed in terms of 
seed vs. microsite limitation (U. Gerighausen, personal communication). 
 
2.4 Conclusions: Current state concerning regeneration of the field site 
The 15 years of coordinated research at the Steudnitz field site have provided substantial insights into 
the complexity of a regenerating ecosystem. Succession rapidly started as the soil contaminants, 
especially salts, were washed out or immobilized, and a large number of species was able to enter the 
small site from the vicinity. The initial succession threshold formed by abiotic filters, which were caused 
by the pollution, was more and more replaced by biotic filters, which derived from species interactions as 
the system was becoming increasingly complex in the course of regeneration. Although most parts of the 
Steudnitz field site can be regarded as more or less recovered, the system still bears little resemblance to 
unpolluted but otherwise similar semi-natural reference systems in the region. 
In addition to assessing abiotic conditions, various parameters have been established, which can as well 
be important for assigning the developmental state of a system; for example the microbial activity and 
stress adaptation, prevailing plant strategy types and functional groups, abundances of mycorrhizal fungi, 
and stable isotope signatures within the food-web. The monitoring and experimental projects elucidated 
key points at which the system’s recovery could be accelerated, lifted over existing thresholds or guided 
towards a desired direction, as it is illustrated in Fig. 1. However, it also was revealed what natural 
regeneration can achieve and that – unless a system is not disturbed to a degree beyond its regeneration 
potential – it can be a more powerful tool than man-made restoration efforts. 
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3 Arbuscular mycorrhiza in phosphate polluted-soil: Diversity of fungi 
 
 
3.1 Introduction: Which arbuscular mycorrhizal fungi (AMF) are present in Steudnitz? 
As explained in Chapter 1.2.3, high phosphorus levels in soil should give plants sufficient access to P 
themselves, and they should reduce their carbon allocation to the fungi. This in turn should reduce the 
mycorrhization intensity of roots up to the absence of mycorrhiza, since AMF are dependent on host C. 
In literature on arbuscular mycorrhiza, available soil phosphorus levels are considered high when they 
exceed 200 mg kg-1 soil (Sylvia & Schenck 1983). Published examples of total P concentrations clearly 
inhibiting root colonization by arbuscular mycorrhizal fungi range from 228 mg kg-1 soil (Graham et al. 
1981) to 600 mg kg-1 soil (Menge et al. 1978). In the present study, even available P contents were 
orders of magnitudes higher, ranging from 4 to 12 g kg-1 soil (Wagner 2004b, Held & Baldwin 2005, for 
detailed soil analyses also see Chapters 4 & 5). Thus, soil P levels at the Steudnitz field site are definitely 
sufficient to allow P uptake without the assistance of mycorrhiza. However, a survey of the most common 
plant species at the study site revealed most of them considerably mycorrhizal, with mean colonization 
rates of up to 75% (Renker et al. 2005; and see Table II in Appendix). 
Therefore, the question arose about which AMF species were involved and whether their identity or 
diversity structure would reflect the disturbance at the field site. This was addressed by molecular 
analyses of fungal spores as well as of AMF in plant roots, since, as already mentioned in 1.2.2, it is very 
difficult to classify species by morphological means, and only possible with spores, that do not 
necessarily reflect fungi active in the roots. Yet, particularly this – examining active AMF in roots – is 
crucial in ecological studies. 
Progress in analyzing AMF diversity in planta has been made by sequence analysis of the small subunit 
of the nuclear ribosomal DNA (SSU or 18S rDNA; Helgason et al. 1998, 1999, Vandenkoornhuyse et al. 
2002a) or the internal transcribed spacer (ITS) region, including the 5.8S subunit (Renker et al. 2003), 
which also has been demonstrated to be adequate for AMF identification (Sanders et al. 1995, Lloyd-Mac 
Gilp et al. 1996, Redecker et al. 1999). While the 5.8S rDNA gene is appropriate for phylogenetic 
analyses at family or species group level (sensu Schüßler et al. 2001), the whole ITS region reveals 
intraspecific variations and provides an improved resolution within a species (Sanders et al. 1995, 
Lanfranco et al. 1999, Wubet et al. 2003). 
In this context a nested PCR to amplify the ITS of AMF from roots has been developed by Renker et al. 
(2003). This technique allows monitoring of a broad spectrum of taxa within the Glomeromycota with a 
unique set of primers, whilst also reducing amplification of the ITS region of non-target fungi. 
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3.2 Materials and methods 
3.2.1 Root and spore sampling 
Arbuscular mycorrhizal roots or spores used in this work all originated from fresh soil samples. Sampling 
was done in Steudnitz at seven dates between February 2001 and October 2002. To get an insight into 
the community structure of AMF in planta, roots of the 21 most common plant species reported by 
Heinrich et al. (2001) were examined (see Table II in Appendix). 
Total plant root systems were removed, and fine roots of a single plant were chosen randomly for 
molecular analysis of the mycobiont. AM spores were isolated from soils following the protocol of Esch et 

al. (1994), slightly modified. Soil samples were sieved with tap water, using sieves of different pore sizes 
(500 and 45 µm). The fraction held back by the 45 µm mesh was rinsed with 40 ml water, and equal 
amounts were transferred into two centrifuge tubes. In each, 20 ml of 70% sucrose solution were 
introduced as an underlayer, and tubes were centrifuged 2 min at 1400 x g. The supernatant (with spores 
conglomerated in the boundary layer) was poured onto the 45 µm sieve and thoroughly washed to 
remove the sucrose. Spores were collected by sucking them into a Pasteur pipette, drawn out in a gas 
flame to reduce opening size, and separated in drops of sterile tap water. 
 

Beside samples derived from the Steudnitz field site, some additional sequences obtained from AM 
spores or roots of other Thuringian field sites were included in the analyses. This reference material was 
gathered by B. Börstler within a radius of 80 km around the study site; from a calcareous forest near the 
small stream Erdengraben in the central Saale Valley 10 km north of Jena (50°59'N,11°39'E, elevation 
150 m above sea level), an intensively farmed meadow near Schlegel (50°24'N,11°37'E, elevation 640 m 
above sea level), and an extensively farmed meadow near Grumbach (50°25'N,11°30'E, elevation 710 m 
above sea level). Further, sequences derived from a reference strain of Glomus intraradices (BEG 140) 
were included. 
 
3.2.2 DNA extraction and nested PCR 
DNA extraction from single root fragments per plant was performed as described by Redecker (2000): 
Approximately 1-2 cm of plant roots were chopped to 1-mm pieces with a razor blade. 20 µl NaOH 
(0.25 M) were added immediately and the roots were incubated at 90°C for 10 min. After addition of 
10 µl Tris HCl (0.5 M) and 20 µl HCl (0.25 N), the mixture was incubated for a further 10 min at 90°C. 
The supernatant was separated from root fragments by centrifugation, diluted 1:100 in TE buffer and 
used as PCR template. To amplify DNA from single spores, they were separated in drops of sterile water. 
The water was removed before spores were crushed, which then were pipetted with 8 µl of the PCR mix 
and used directly for PCR. 
The technique for the nested PCR has been described by Renker et al. (2003), as follows: Amplification 
of the ITS region was performed on a Hybaid Ltd. OmniGene TR3 CM220 Thermo Cycler (MWG-Biotech, 
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Ebersberg, Germany) in a total volume of 50 µl PCR mix containing 2 U Taq DNA polymerase, 5 µl of 
10x Taq polymerase reaction buffer (Promega, Heidelberg, Germany), 4 µl MgCl2 (25 mM), 10 nmol of 
each dNTP (MBI-Fermentas, St. Leon-Roth, Germany), 50 pmol of each of the two primers, and 
100-500 ng of the genomic DNA. The reactions were performed as hot start PCR with 10 min initial 
denaturation at 94°C before adding the Taq polymerase at 80°C. The PCR program comprised 40 cycles 
(40 s at 94°C, 30 s at 54°C, and 40 s at 72°C) when working with single spores, and 32 cycles for root 
DNA. A final elongation step of 10 min at 72°C followed the last cycle. The first reaction of the nested 
PCR was performed with the primer pair SSU-Glom1 and LSU-Glom1, of which the latter only amplifies 
members of the Glomeromycota and some basal groups of the Basidiomycota. One µl of this first PCR 
product served as DNA template for the second step of the nested PCR, performed with the universal 
fungal primers ITS5/ITS4 (White et al. 1990). 
 
3.2.3 Cloning, sequencing and sequence analyses 
The final PCR products were cloned into the pCR4-Topo Vector following the manufacturer's protocol of 
the TOPO TA Cloning Kit (Invitrogen Life Technologies, Karlsruhe, Germany) and transformed into 
TOP10 Chemically Competent Escherichia coli. Vectors were isolated with the Perfectprep® Plasmid 
Mini Kit (Eppendorf, Hamburg, Germany). Sequencing was done using a LI-COR DNA Sequencer Long 
Reader 4200 and the Thermo Sequenase fluorescent labelled primer cycle sequencing kit with 7-deaza-
dGTP (Amersham Pharmacia Biotech, Little Chalfont, UK). 
DNA sequences of the complete ITS were submitted to the EMBL database under the accession 
numbers shown in Fig. 6 in bold type. Reference sequences to analyze the systematic position of the 
new sequences were taken from GenBank, resulted from reference field sites or from reference culture. 
For an analysis of the AMF community structure in Steudnitz, the 5.8S subunit genes embedded between 
the ITS1 and ITS2 regions were aligned manually, since an alignment of the full-length ITS sequences of 
all data was not possible due to the high variation within the data set. 
The phylogenetic tree (Fig. 6) was generated using distance criteria as implemented in PAUP* 4.0b8 
(Swofford 2000). The confidence of branching was assessed using 1000 bootstrap resamplings in 
distance analysis (neighbour joining method). 
 
 
___________________________________________________________________________________ 
Fig. 6 (next page): Phylogenetic tree of arbuscular mycorrhizal fungi from the Steudnitz field site based on 
5.8S rDNA sequences. Distance analysis was performed with the neighbour joining method, bootstrap values 
(>50%) were determined for 1000 resamplings. Sequences obtained in this study are shown in bold type. The 
numbers in brackets refer to reference field sites, which are all located within Thuringia (Germany): [1] Calcareous 
forest in the central Saale Valley, 10 km north of Jena; [2] Intensively farmed mountain meadow in the Thüringer 
Schiefergebirge (near Schlegel); [3] Extensively farmed mountain meadow in the Thüringer Schiefergebirge (near 
Grumbach). [c] Material taken from reference cultures (BEG 140), [g] Reference sequences from GenBank. 
Sequences of Endogone pisiformis and Mortierella alpina were used as outgroup. 
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3.3 Results 
Molecular analyses were performed on field roots of 21 plant species (Table II, Appendix) and with single 
spores isolated from the site. 
Based on neighbour joining analysis of the 5.8S region, six AMF phylotypes ("species") could be clearly 
differentiated at the field site (Fig. 6): (1) a Glomus species not closely related to any of the 
Glomeromycota sequenced so far, which was classified as Glomus sp. 'Steudnitz' (71% identity with 
Glomus clarum AJ243275); this was the most common species in roots, found in 17 of the 21 plant 
species (Table II). (2 & 3) two different types of Glomus intraradices separated by high bootstrap support 
and classified as G. intraradices Type A and B; the former detected as a second mycobiont in roots of 
5 plant species (Table II), the latter as spores. (4) Glomus sp. 'Bad Sachsa', which has sequence 
similarities with Glomus geosporum and G. coronatum and was only found as spores. (5) Glomus 

versiforme, only found as spores, and (6) Glomus claroideum, detected on the basis of a single spore. 
Interestingly, sequences derived from spores always clustered separately from those derived from roots. 
 
 
3.4 Discussion: Consequences for species identity and diversity 
3.4.1 Identified AMF species 
Within the ITS region of the nuclear rDNA, the less variable 5.8S allows a separation of all major groups 
within the Glomeromycota, whereas inclusion of the internal transcribed spacers ITS 1 and ITS 2 allows 
fine population analyses (Renker et al. 2003). Major clades of the phylogenetic tree in Fig. 6 were 
assigned as "species". As the reference sequences of Glomus coronatum, G. mosseae, G. geosporum 

and G. caledonium fall in a common cluster, this concept might appear questionable. However, 
taxonomic classification was backboned by detailed analyses of whole ITS sequences (see Figs. I-IV, 
Appendix; cf. Renker et al. 2005). 
 

In Steudnitz, 6 AMF species were found, with members of Glomus Group A within the Glomeraceae 
sensu Schüßler et al. (2001) (i.e. Glomus sp. 'Steudnitz', G. intraradices Type A and Type B, and Glomus 

sp. 'Bad Sachsa'), one species falling into Glomus Group B (G. claroideum), and one member of the 
Diversisporaceae (sensu Walker & Schüßler 2004 (former Glomus Group C), G. versiforme). 
All detected taxa are common in the region and were not exclusively found under the phosphate-rich 
conditions in Steudnitz. Glomus sp. 'Bad Sachsa' was first detected 100 km northwest of the study site 
(Landwehr et al. 2002) and again found 60 km south (Börstler et al. 2006). It also has high sequence 
similarity to a possibly conspecific Glomus which was recently described as new species Glomus 

xanthium (Błaszkowski et al. 2004). Sequences of G. versiforme and G. claroideum spores clustered 
together with sequences from reference field sites and from GenBank. Glomus sp. 'Steudnitz' was also 
found in the region around the Steudnitz field site. Its closest relative seems to be Glomus clarum 
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(AJ243275, AJ239123) with a sequence identity of roughly 71%. Concerning Glomus intraradices, the 
analysis is consistent with the data set in GenBank and supports the idea that this taxon should be 
treated as a species group. The fact that all sequences from spores clustered separately from sequences 
from roots may indicate that they belong to distinct species, one present as spores and the other one 
colonizing roots. 
Generally, sequences derived from roots and spores never appeared in the same cluster, supporting the 
theory that AMF populations in roots differ from those found as spores in soil, since there may be taxon-
specific differences between sporulation and root colonization abilities (Clapp et al. 1995, Merryweather 
& Fitter 1998). 
 

Intraspecific analyses of the whole ITS region (Figs. I-IV, Appendix) support the clades obtained in the 
5.8S rDNA tree, and also full ITS-sequences matched to sequences obtained from reference field sites or 
GenBank. Furthermore, they show – as expected due to heterokaryoses or different copies within one 
nucleus – a variability of approximately 7% within sequences derived from the same spore. 
 
3.4.2 Relation of diversity to ecological context 
Particularly when considering that only two AMF species were found in roots, it can be concluded that the 
fungal diversity at the Steudnitz field site was reduced. With the same technique and analogous sampling 
designs, currently 10 to 11 AMF species were detected per site in non-disturbed grasslands in the region, 
representing all families within the Glomeromycota (see Renker et al. 2003, Börstler et al. 2006), a 
diversity in the same range as mentioned in many other field studies (e.g. Clapp et al. 1995, Stutz et al. 
2000, Franke-Snyder et al. 2001, Hildebrandt et al. 2001). Wubet et al. (2003) quoted 20 AMF species in 
east African forests, while some authors reported up to 40 species for sites in the USA (Allen et al. 1995, 
Egerton-Warburton & Allen 2000, Bever et al. 2001). 
The AMF diversity in Steudnitz was reduced, although in the course of succession a species-rich plant 
community has recovered (Heinrich et al. 2001), which is one factor suggesetd to promote mycorrhizal 
diversity (Johnson et al. 1992, Bever et al. 1996, Eom et al. 2000, Johnson D. et al. 2003). 
Instead, the residual soil disturbance might have had an effect on AMF species richness. This 
interpretation is supported by the finding of Langer & Günther (2001) that structure and function of the 
soil microbial community at the field site have not completely recovered yet. It is as well consistent with 
other reports of a reduced AMF diversity in disturbed systems, such as ploughed or fertilized arable fields 
(Helgason et al. 1998), eutrophicated systems (Egerton-Warburton & Allen 2000), and areas threatened 
by desertification (Azcón-Aguilar et al. 2003). 
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3.5 Conclusions: Current state concerning AMF diversity 
The fact that AMF diversity at the Steudnitz field site was low, suggests a constraining influence of 
environmental disturbances. Our results support the idea that such disturbances – representing abiotic 
filters, when thinking back to Chapter 2 – may be of higher hierarchical importance in determining the 
diversity of AMF than plant species richness – accordingly a biotic filter. 
However, none of the species were exclusively found at this field site, indicating that there probably are 
no specialized strains adapted to the pollution. 
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4 AM in phosphate-polluted soil: 
 Nitrogen supply affects root colonization of Artemisia vulgaris 
 
 
4.1 Introduction: Why are AMF present in Steudnitz? 
The next question arising was why plants in Steudnitz were mycorrhizal at all, since – as already 
explained – this could not be to provide plants with phosphorus. 
Often, an increased inflow of phosphate into mycorrhizal roots has been demonstrated and associated 
plants have been found to have higher tissue P concentrations than non-mycorrhizal controls (e.g. 
Sanders & Tinker 1971). P fertilization has been proved to reduce the effects of arbuscular mycorrhizal 
fungi (AMF) on hosts and to inhibit root colonization (Daft & Nicolson 1969, Sanders & Tinker 1973, 
Abbott et al. 1984). Some early studies indicated that it is not the soil P content which determines 
mycorrhizal colonization, but the P status of the plant (Menge et al. 1978, Ratnayake et al. 1978). Later, 
De Miranda et al. (1989) and Thomson et al. (1991) showed that tissue P as well as soil P may affect 
mycorrhization. 
 

Less attention has been paid to the effect of arbuscular mycorrhizas (AM) on the nitrogen nutrition of 
plants. Although there were early indications that AMF may play a role in N uptake and transport (Raven 
et al. 1978, Smith 1980), nitrogen was for a long time believed to be of secondary (Read et al. 1988) or 
no (Hayman 1982) importance regarding AM. 
It has been shown, however, that uptake of ammonium and transport of N via AMF hyphae does take 
place (Ames et al. 1983, Johansen et al. 1992, Frey & Schüepp 1993, Johansen et al. 1993) and that soil 
N is effectively depleted by the external mycelium (Johansen et al. 1992, Frey & Schüepp 1993, 
Johansen et al. 1993). In spite of the ready availability of nitrate for direct uptake by plant roots (Clark & 
Zeto 2000), depletion in the soil, absorption and transport of this ion by AMF have been demonstrated 
(Johansen et al. 1993, Tobar et al. 1994, Bago et al. 1996). The influence of AM on uptake of organic 
nitrogen compounds has also been discussed (Ames et al. 1983, Hawkins et al. 2000, Hodge et al. 
2001). It is unclear whether colonization of plant roots by AMF and their contribution to N uptake and 
transport are regulated by both soil and host N concentration (Azcón et al. 1982) or by tissue 
N concentration only (Sylvia & Neal 1990, Johansen et al. 1994). In addition, as in the case of 
P fertilization, N fertilization has been shown to suppress root colonization (Chambers et al. 1980, Jensen 
& Jakobsen 1980, Azcón et al. 1982, Olsson et al. 2005). 
 

Experiments focusing on separate as well as combined effects of phosphorus and of nitrogen have 
indicated that root colonization was only reduced when both elements were available in sufficient 
concentrations for the plants (Mosse & Phillips 1971, Bååth & Spokes 1989, Sylvia & Neal 1990, Liu et al. 
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2000, Corkidiki et al. 2002, Treseder & Allen 2002, Johnson N.C. et al. 2003). Therefore, the N:P ratio 
might be an important factor determining AM development (Liu et al. 2000, Miller et al. 2002, Johnson 
N.C. et al. 2003). 
 

The Steudnitz field site with its extremely high soil phosphorus concentrations and various levels of 
nitrogen provided an opportunity to further study the influence of P and N on arbuscular mycorrhizal 
colonization directly in the field. 
As shown in Chapter 3 and Renker et al. (2005), a majority of plants species are mycorrhizal despite the 
high soil P content; however, since all AMF species present also occurred at comparable 
uncontaminated field sites of the region, there probably are no specialized fungi, which are adapted to 
the pollution. 
The objective for the following work was to ascertain, whether the nitrogen level at the study site 
influences root colonization by AMF. 
For this purpose, the nitrogen poor area at the bottom of the lower slope was investigated. In 
experiment 1, three plots in northward (downwind) direction from the previous source of pollution were 
examined; plots 1, 2 and 3, situated at about 50 m, 200 m and 800 m distance, respectively, from the 
former factory. Additionally, a nitrogen fertilization experiment (experiment 2) close to the former factory, 
adjacent to plot 1, was performed (Fig. 3a,b,c). 
 
4.2 Materials and methods 
4.2.1 Experiment 1: Nitrogen gradient 
4.2.1.1 Soil parameters 

In 1999, 15 soil samples were taken at each plot, air-dried and analyzed according to DIN- and TGL-
instructions (VDLUFA 1991). Soil acidity (pH) was measured; an aqua regia digestion of the soil was 
carried out to determine total element concentrations of sodium, potassium, magnesium, calcium and 
cadmium (Natot, Ktot, Mgtot, Catot and Cdtot), plant available phosphorus and potassium (Pcal and Kcal) were 
extracted with the method of Schüller (1969), and total nitrogen (Ntot) was determined with the method of 
Hendershot (1985). Soil analyses were done by M. Held (see Held & Baldwin 2005). 
 
4.2.1.2 Plant material 

Artemisia vulgaris (Fig. 17a) plants were grown from seeds of one mother plant from the field site. For the 
first three weeks, they were grown in walk-in growth chambers (York International GmbH, Mannheim, 
Germany) with a 14:10 h light:dark photoperiod at 20°C:18°C, 65% relative humidity and 
~1000 µM m-2s-1 photosynthetically active radiation. In April 2000, 120 plants of similar size and 
morphology were transferred to each field plot, to ensure homogenous growth conditions. The plots had 
been cleared of competing ruderal plants (Held & Baldwin 2005). 
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In June 2002, 8 plants per plot were harvested randomly to determine element concentrations and 
mycorrhization rates. 
 
4.2.1.3 Plant element concentrations 

Immediately after harvesting, half of the root system, three different old parts of the stem (each of 
ca. 3 cm length) and one basal, one intermediate and one apical leaf of each Artemisia vulgaris plant 
were washed with tap water and stored at -80°C. Later, samples were freeze-dried, weighed and finely 
ground in a pebble mill. 
To determine N content, 5 mg samples of the homogenized material were analyzed with a Carbon-
Hydrogen-Nitrogen-Sulfur-Determinator (Type Leco CHNS-932). 
For a determination of P, Na, K, Mg, Ca and Cd, 200 mg samples were digested in a microwave 
autoclave (1200 mega, MLS, Leutkirch, Germany) using 6 ml HNO3 and 4 ml H2O2, and analyzed in an 
ICP-OES (Inductively Coupled Plasma with Optical Emission Spectrometer; Type IRIS Intrepid, Thermo 
Elemental, Franklin, MA, USA) with CID (charge injection device) semiconductor detectors. 
 
4.2.1.4 Root colonization by AMF 

Parts of the root systems not needed for element content analyses were fixed in FAA (formaldehyde-
acetic-acid: 6.0% formaldehyde, 2.3% glacial acetic acid, 45.8% ethanol, 45.9% H2O (v/v)) (Schmitz et al. 
1991). For staining of fungal structures, roots were incubated in 10% KOH for 2 x 15 min at 90°C, rinsed 
with tap water, acidified with 3.7% HCl for 10 min, and dyed in lactophenol blue solution (Merck 113741) 
for 90 min. For decolorization of plant cells and strorage, roots were washed several times with and 
stored in 50% lactic acid (Phillips & Hayman 1970, modified after Schmitz et al. 1991). 
Percentage colonization of root length was determined with a Zeiss Axioplan light microscope at 
100x magnification, using the line intersect method (Ambler & Young 1977, modified after Schmitz et al. 
1991). Thereby, fields of view containing root segments colonized by internal mycelium, arbuscules or 
vesicles were counted in relation to all root segments viewed and calculated in %. At least 300 fields of 
view of each sample were counted. 
 
4.2.2 Experiment 2: Nitrogen fertilization 
4.2.2.1 Experimental design 

In the area close to the former factory, adjacent to plot 1 of the previous experiment, six experimental 
blocks were set up in 2000 by M. Wagner (see Wagner 2004a), each containing an unfertilized control 
plot (-N-plots) and an N-fertilized plot (+N-plots, Fig. 3b,c), with plot sizes of 2 x 2 m. +N-plots received 
8.5 g N m-2 year-1, applied as ammonium nitrate in form of slow-release pellets (OsmocoteTM). To avoid 
leaching of nitrogen into downhill plots due to the strong inclination of the slope, the randomization within 
blocks was restricted. 
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4.2.2.2 Plant material, element concentrations and root colonization by AMF 

In June 2003, three A. vulgaris plants per plot were harvested to determine mycorrhization rates. Element 
concentrations of leaves and stems and mycorrhization of roots were assessed as described above. As 
root material was scarce, element content analyses were only performed for leaves and stems. 
 
4.2.2.3 Above-ground biomass 

Parallel to plant harvest, vegetation at a subplot of each plot was cut at ground level. To determine 
Artemisia vulgaris biomass, this species was singled out, dried to constant weight at 80°C in a drying 
chamber and weighed (vegetation analyses were done by M. Wagner, see Wagner 2004a). 
 
4.2.3 Statistics 
Statistical analyses were performed using SPSS 11.0 (SPSS Inc., Chicago, IL, USA). 
Data were tested for normal distribution with the Kolmogorov-Smirnov test and for homogeneity of 
variances with the Levene test. 
To compare soil and plant element concentrations and mycorrhization rates of Artemisia vulgaris across 
the three plots in experiment 1, one-way ANOVA was performed; for data with heterogeneous variances 
the Welch statistic was used instead of the F-statistic. In case of significance, this was followed by a 
Tukey post-hoc test (homogeneous variances and equal sample numbers), a Hochberg’s GT2 test 
(homogeneous variances and unequal sample numbers) or a Games-Howell post-hoc test 
(heterogeneous variances). To test for correlations between plant element concentrations and 
mycorrhization rates, Spearman rank correlation was performed. The sequential Bonferroni method was 
used to adjust the type I error rate to limit the overall error rate. 
In experiment 2, data from each single plot were averaged to avoid pseudo-replication. To compare 
% root colonization between control and N-fertilized plots, a paired samples t-test was performed with 
mean mycorrhization rates per plot. Treatment effects on tissue element concentrations were tested with 
exact Wilcoxon tests because of variance heterogeneity. To correlate tissue elements and mycorrhization 
rates, Spearman rank correlation was performed using plot means; significance levels were adjusted by 
the sequential Bonferroni method. To test whether N fertilization resulted in an increase in Artemisia 

vulgaris biomass, a one-tailed paired samples t-test was carried out. Prior to analysis, biomass data were 
square-root-transformed to meet the requirement of variance homogeneity. 
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4.3 Results 
4.3.1 Experiment 1: Nitrogen gradient 
4.3.1.1 Soil parameters 

Soil data (provided by M. Held) from the three field plots and ANOVA results are shown in Table 2. For 
means of total Na, Mg and Ca concentrations and plant available K concentrations, no significant 
differences could be detected. In contrast, total K, Cd and N, plant available P concentrations and pH 
differed significantly between the plots. Total K was significantly lower at plot 1 compared to plots 2 and 
3, total Cd significantly higher at plot 1 than at plot 3 with an intermediate level at plot 2, total 
N concentrations were significantly lower at plots 1 and 2 than at plot 3 and plant-available P and pH 
significantly higher at plots 1 and 3 compared to plot 2. 
 

Table 2: Soil data for the three field plots of experiment 1. Means (n = 15), standard deviations (SD) and F-values 
or Welch statistic (marked by w) from one-way ANOVA shown. Parameters include total levels measured by aqua 
regia digestion (Natot, Ktot, Mgtot, Catot, Cdtot), total nitrogen concentration (Ntot), plant available phosphorus and 
potassium (Pcal, Kcal) and soil acidity (pH). Asterisks indicate significance levels: * P < 0.05, ** P < 0.01, 
*** P < 0.001; superscript letters show significant differences among plots. 

soil parameters plot 1  plot 2  plot 3  
  mean 

 
SD mean SD mean SD 

F or 
wWelch 
statistic 

Ntot (%) 0.16 a ± 0.10 0.18 a ± 0.19 0.34 b ± 0.20 9.5 *** 

Natot (g kg-1) 7.15 a ± 1.84 9.61 a ± 7.36 7.73 a ± 3.57 w0.8 

Ktot (g kg-1) 3.01 a ± 0.72 9.99 b ± 3.55 8.01 b ± 0.95 w142.9 *** 

Mgtot (g kg-1) 7.96 a ± 3.85 8.92 a ± 3.04 9.58 a ± 1.65 w1.2 

Catot (g kg-1) 172.5 a ± 38.6 143.4 a ± 74.8 166.7 a ± 16.0 w0.8 

Cdtot (mg kg-1) 8.60 b ± 3.60 5.50 ab ± 3.54 3.46 a ± 1.34 w14.0 *** 

Pcal (mg kg-1) 12249 b ± 6310 6332 a ± 4506 10549 b ± 3510 w5.2 * 

Kcal (mg kg-1) 772.2 a ± 319.1 577.4 a ± 258.5 576.3 a ± 201.6 2.7 

pH  8.38 b ± 0.32 8.10 a ± 0.26 8.57 b ± 0.28 9.8 *** 

 
4.3.1.2 Plant element concentrations 

Table 3 shows element concentrations and N:P ratios in different parts of Artemisia vulgaris plants and 
ANOVA results. Mean leaf, stem and root concentrations of P, Na and Ca as well as stem Mg did not 
differ significantly between the three plots, whereas N (Fig. 7) and K concentrations in leaves, stems and 
roots, N:P ratios in leaves and stems (Fig. 8) and the Mg concentrations in leaves and roots were 
significantly lower at plots 1 and 2 compared to plot 3. The N:P ratio of roots at plot 3 (Fig. 8) was 
marginally (P = 0.078) higher than at plots 1 and 2. 
 
4.3.1.3 Root colonization by AMF 

Table 3 and Fig. 9 show mean mycorrhization rates of Artemisia vulgaris. The fractions of root length 
colonized by internal mycelium, arbuscules and vesicles were significantly higher at plots 1 and 2 
compared to plot 3. Element concentrations in leaves, stems and roots showing significant differences 
among plots (Table 3) were directly opposed to differences in mycorrhization rates. However, out of 
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these only nitrogen concentrations (Fig. 7) and N:P ratios (Fig. 8) also corresponded to the respective 
soil data (Ntot, Table 2). Therefore, all other elements were not considered further. 
 
 

Table 3: Plant element concentrations and percentage root colonization of Artemisia vulgaris by arbuscular 
mycorrhizal fungi for the three field plots of experiment 1. Means (n = 8), standard deviations (SD) and F-values or 
Welch statistic (marked by w) from one-way ANOVA shown. Element concentrations are given for leaves, stems and 
roots; mycorrhization rates (fraction of root length colonized by AMF) were determined separately for internal 
mycelium (I-mycelium), arbuscules and vesicles. Asterisks indicate significance levels: * P < 0.05, ** P < 0.01, 
*** P < 0.001; superscript letters show significant differences among plots. 

 plot 1  plot 2  plot 3  
  mean 

 
SD mean SD mean SD 

F or 
wWelch 
statistic 

N leaves (%) 1.76 a ± 0.28 2.03 a ± 0.34 3.23 b ± 0.17 62.6 *** 
N stems  0.46 a ± 0.06 0.49 a ± 0.10 0.83 b ± 0.22 w9.4 ** 
N roots  0.61 a ± 0.11 0.65 a ± 0.09 1.31 b ± 0.14 86.0 *** 

P leaves (%) 0.46 a ± 0.22 0.38 a ± 0.06 0.32 a ± 0.06 w2.7 
P stems  0.27 a ± 0.11 0.32 a ± 0.08 0.27 a ± 0.09 0.9 
P roots  0.47 a ± 0.04 0.49 a ± 0.08 0.77 a ± 0.35 w3.0 

Na leaves (ppm) 494.2 a ± 450.3 177.4 a ± 110.6 85.0 a ± 29.3 w3.7 
Na stems  2285 a ± 2454 918.2 a ± 787.0 706.8 a ± 448.1 w1.4 
Na roots  5375 a ± 2014 3157 a ± 1671 5642 a ± 2624 3.1 

K leaves (%) 3.78 a ± 0.61 3.90 a ± 0.36 5.08 b ± 0.53 15.7 *** 
K stems  2.48 a ± 0.52 2.87 a ± 0.77 3.63 b ± 0.87 4.7 * 
K roots  1.75 a ± 0.76 2.74 a ± 0.36 4.06 b ± 0.96 17.5 *** 

Mg leaves (ppm) 1652 a ± 303.3 1557 a ± 198.6 2337 b ± 619.3 w5.5 * 
Mg stems  1050 a ± 338.8 886 a ± 257.0 816 a ± 159.1 1.6 
Mg roots  1032 a ± 286.7 1086 a ± 132.9 1914 b ± 580.9 12.1 *** 

Ca leaves (%) 1.93 a ± 0.57 1.68 a ± 0.21 1.41 a ± 0.33 3.4 
Ca stems  1.35 a ± 0.87 1.29 a ± 0.31 0.68 a ± 0.39 3.3 
Ca roots  1.54 a ± 0.18 1.71 a ± 0.23 1.49 a ± 0.70 0.5 

Cd leaves (ppm) < 1.5  < 1.5  < 1.5   
Cd stems  < 1.5  < 1.5  < 1.5   
Cd roots  < 1.5  < 1.5  < 1.5   

N:P leaves  4.29 a ± 1.64 5.46 a ± 1.29 10.40 b ± 1.67 33.2 *** 
N:P stems  2.04 a ± 1.12 1.58 a ± 0.42 3.33 b ± 1.23 6.7 ** 
N:P roots  1.45 a ± 0.41 1.34 a ± 0.26 1.99 a ± 0.82 2.9 

I-mycelium (%) 80 b ± 10.2 85 b ± 13.6 17 a ± 16.4 60.9 *** 
arbuscules  61 b ± 16.3 67 b ± 20.5 11 a ± 9.5 29.6 *** 
vesicles  43 b ± 16.1 55 b ± 18.0 1 a ± 1.5 w57.8 *** 

 
 

 

 
 
 
 
 
 
 
 
 
 
Fig. 7: Nitrogen concentration in leaves, stems 
and roots of Artemisia vulgaris at plots 1, 2 and 3 
of experiment 1. Means and standard deviation 
shown (n = 8). Letters indicate significant 
differences between bars of the same shade. 

 



4 AM in phosphate-polluted soil: Nitrogen supply affects root colonization of Artemisia vulgaris 

 33 

 

 
 
 
 
 
 
 
 
 
 
Fig. 8: N:P-ratio in leaves, stems and roots of 
Artemisia vulgaris at plots 1, 2 and 3 of 
experiment 1. Means and standard deviation 
shown (n = 8). Letters indicate significant 
differences between bars of the same shade. 

 

 

 
 
 
 
 
 
 
Fig. 9: Fraction of root length colonized by 
arbuscular mycorrhizal fungi for Artemisia vulgaris 
at plots 1, 2 and 3 of experiment 1. Mycorrhization 
rates are separated for internal mycelium 
(I-mycelium), arbuscules and vesicles. Means and 
standard deviation shown (n = 8). Letters indicate 
significant differences between bars of the same 
shade. 

 
 
4.3.1.4 Correlations between root colonization and plant element concentrations 

Spearman rank correlation revealed that internal mycelium, arbuscules and vesicles were significantly 
negatively correlated with the nitrogen concentration in leaves, stems and roots, respectively (Table 4, 
Fig. 10). Regarding the N:P ratios in different plant parts, mycorrhization rates were only significantly 
correlated to leaf and stem N:P (Table 4, Fig. 11). 
 
 

Table 4: Results of Spearman rank correlations between mycorrhizal root colonization of Artemisia vulgaris and 
plant N or N:P across plots of experiment 1. Correlation coefficients (Rs), and sample size (n) are given for internal 
mycelium (I-mycelium), arbuscules and vesicles vs. N concentration and N:P-ratio of leaves, stems and roots, 
respectively. * indicates a significant correlation (P < 0.05; two-tailed test, adjusted by the sequential Bonferroni 
method). 

RS  N leaves N stems N roots N:P leaves N:P stems N:P roots 

I-mycelium Rs -0.683 * -0.595 * -0.676 * -0.766 * -0.609 * -0.287 
 n 22 23 22 22 23 22 

arbuscules Rs -0.687 * -0.604 * -0.658 * -0.789 * -0.608 * -0.257 
 n 22 23 22 22 23 22 

vesicles Rs -0.686 * -0.663 * -0.717 * -0.713 * -0.632 * -0.299 
 n 22 23 22 22 23 22 
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Fig. 10: Fraction of root length colonized by internal mycelium (I-mycelium), arbuscules and vesicles, plotted 
against N concentration in leaves, stems and roots of Artemisia vulgaris, experiment 1. Data for all three plots were 
pooled. 

 
 
4.3.2 Experiment 2: Nitrogen fertilization 
4.3.2.1 Plant element concentrations 

Tissue element concentrations and results from exact Wilcoxon tests are shown in Table 5. Out of these, 
only N (Fig. 12) and N:P (Fig. 13) showed significant differences between control and fertilized plots, 
being higher at +N than at -N plots (with the difference for stem N:P only marginally significant, 
P = 0.063). 
 
4.3.2.2 Root colonization by AMF 

Mean mycorrhization rates of Artemisia vulgaris from control plots (-N) and N-fertilized plots (+N) and 
results from paired samples t-test are shown in Table 6. Colonized root lengths by internal mycelium, 
arbuscules and vesicles were significantly lower at N-fertilzed than at control plots (Fig. 14). 
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Fig. 11: Fraction of root length colonized by internal mycelium (I-mycelium), arbuscules and vesicles, plotted 
against N:P-ratio in leaves, stems and roots of Artemisia vulgaris, experiment 1. Data for all three plots were pooled. 

 
Table 5: Plant element concentrations of Artemisia vulgaris for nitrogen-fertilized plots (+N) and control plots (-N) of 
experiment 2. Means (n = 6), standard deviations (SD) and Z-values from exact Wilcoxon tests shown. Element 
concentrations were determined separately for leaves and stems. Asterisks indicate significance levels: * P < 0.05, 
** P < 0.01, *** P < 0.001. 

plant elements -N plots  +N plots   
  mean SD mean SD Z 

N leaves (%) 1.92 ± 0.06 2.73 ± 0.50 -2.207 * 
N stems  0.55 ± 0.07 1.05 ± 0.55 -2.207 * 

P leaves (%) 0.32 ± 0.03 0.29 ± 0.04 -1.153 
P stems  0.18 ± 0.04 0.21 ± 0.07 -0.405 

Na leaves (ppm) 167 ± 49 146 ± 54 -0.524 
Na stems  774 ± 518 312 ± 365 -1.483 

K leaves (%) 3.17 ± 0.14 3.36 ± 0.31 -1.572 
K stems  2.33 ± 0.74 3.08 ± 0.92 -1.214 

Mg leaves (ppm) 2009 ± 237 2788 ± 445 -1.992 
Mg stems  913 ± 181 1100 ± 273 -1.483 

Ca leaves (%) 1.36 ± 0.16 1.35 ± 0.19 -0.105 
Ca stems  0.58 ± 0.14 0.54 ± 0.10 -0.405 

Cd leaves (ppm) 1.58 ± 0.40 1.74 ± 0.48 -0.524 
Cd stems  2.33 ± 0.69 2.04 ± 0.59 -0.365 

N:P leaves  6.12 ± 0.50 9.58 ± 1.39 -2.201 * 
N:P stems  2.85 ± 0.29 4.98 ± 1.32 -2.023 
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Fig. 12: Nitrogen concentration in leaves and stems of 
Artemisia vulgaris at N-fertilized plots (+N) and control plots (-N) 
of experiment 2. Means and standard deviation shown (n = 6). 
Letters indicate significant differences between bars of the 
same shade. 

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 13: N:P-ratio in leaves and stems of Artemisia vulgaris at 
N-fertilized plots (+N) and control plots (-N) of experiment 2. 
Means and standard deviation shown (n = 6). Letters indicate 
significant differences between bars of the same shade. 

 

 

 
 
 
 
 
 
 
 
 
Fig. 14: Fraction of root length colonized by arbuscular 
mycorrhizal fungi for Artemisia vulgaris at N-fertilized 
plots (+N) and control plots (-N) of experiment 2. 
Mycorrhization rates are separated for internal mycelium 
(I-mycelium), arbuscules and vesicles. Means and 
standard deviation shown (n = 6). Letters indicate 
significant differences between bars of the same shade. 

 
 
Table 6: Percentage root colonization of Artemisia vulgaris by arbuscular mycorrhizal fungi and above-ground 
biomass dry weight of A. vulgaris for nitrogen-fertilized plots (+N) and control plots (-N) of experiment 2. Means 
(n = 6), standard deviations (SD) and t-values from paired samples t-tests shown. Mycorrhization rates (fraction of 
root length colonized by AMF) were determined separately for internal mycelium (I-mycelium), arbuscules and 
vesicles. Asterisks indicate significance levels: * P < 0.05, ** P < 0.01, *** P < 0.001. 

  -N plots  +N plots   
  mean SD mean SD t 

I-mycelium (%) 71 ± 7.1 34 ± 9.3 9.412 *** 
arbuscules  46 ± 11.9 22 ± 10.4 3.841 * 
vesicles  36 ± 10.8 10 ± 6.7 5.244 ** 

biomass g m-2 3.5 ± 6.7 19.3 ±19.7 -1.891 
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4.3.2.3 Correlations between root colonization and plant element concentrations 

Correlations were performed between root colonization rates and plant N concentrations or N:P ratios, 
the only plant parameters showing differences between treatments. 
Root fractions colonized by internal mycelium, arbuscules and vesicles were significantly negatively 
correlated to N and N:P in leaves and stems, respectively (Table 7, Figs. 15 and 16). 
 
4.3.2.4 Above-ground biomass 

Artemisia vulgaris biomass per unit area (data provided by M. Wagner) was several times higher at 
nitrogen-fertilized subplots than at control subplots (Table 6), with the difference bordering on 
significance (P = 0.06). 
 
Table 7: Results of Spearman rank correlations between mycorrhizal root colonization of Artemisia vulgaris and 
plant N and N:P across plots of experiment 2. Correlation coefficients (Rs) are given for internal mycelium 
(I-mycelium), arbuscules and vesicles vs. N concentration and N:P-ratio of leaves and stems, respectively. 
Correlations were performed with means of each plot, n = 12. * indicates a significant correlation (P < 0.05; 2-tailed 
test, adjusted by the sequential Bonferroni method). 

Rs N leaves N stems N:P leaves N:P stems 

I-mycelium -0.741 * -0.734 * -0.930 * -0.709 * 

arbuscules -0.692 * -0.811 * -0.937 * -0.709 * 

vesicles -0.834 * -0.841 * -0.974 * -0.820 * 

 
 

 
Fig. 15: Fraction of root length colonized by internal mycelium (I-mycelium), arbuscules and vesicles, plotted 
against N concentration in leaves and stems of Artemisia vulgaris, experiment 2. Means of all plots were pooled. 
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Fig. 16: Fraction of root length colonized by internal mycelium (I-mycelium), arbuscules and vesicles, plotted 
against N:P-ratio in leaves and stems of Artemisia vulgaris, experiment 2. Means of all plots were pooled. 

 
 
4.4 Discussion: Implications of N levels and N:P imbalances 
4.4.1 Experiment 1: Nitrogen gradient 
In the present experiment, available soil P contents were very high, ranging from 6332 mg kg-1 at plot 2 
to 12249 mg kg-1 at plot 1, and thus, several times exceeding thresholds for arbuscular mycorrhizal root 
colonization (see Chapter 3.1). 
Phosphorus concentrations in roots (0.47%, 0.49% and 0.77% at plot 1, 2 and 3, respectively), stems 
(0.27%, 0.32% and 0.27% at plot 1, 2 and 3) and leaves (0.46%, 0.38%, 0.32% at plot 1, 2, 3) were also 
high enough to suggest that no, or only slight, colonization by AMF should have occurred. In other 
studies, root and shoot P concentrations of ca. 0.3% were sufficient to suppress more than sporadic 
mycorrhization (e.g. Graham et al. 1981, De Miranda et al. 1989). 
Thus, if phosphorus had been the only determining factor for mycorrhization, plants at the Steudnitz field 
site should have been at most slightly mycorrhizal. Nevertheless, Artemisia vulgaris was found to have 
high mean mycorrhization rates of 80 and 85% (internal mycelium), 61 and 67% (arbuscules) and 43 and 
55% (vesicles) at plots 1 and 2, respectively. At plot 3, colonization was significantly lower; mean rates 
were 17% (internal mycelium), 11% (arbuscules) and 1% (vesicles). 
 

The most prominent difference between soils of the three plots was the nitrogen level. Whereas plots 1 
and 2 had low total N concentrations (0.16 and 0.18%, respectively), N was significantly higher at plot 3 
(0.34%), at a greater distance to the former factory. Reports about nitrogen fertilization experiments to 
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define soil N thresholds inhibiting mycorrhizal colonization are scarce, as N has rarely been regarded as 
an important factor determining root colonization by AMF. 
The trend in plant N concentration measured at the three plots paralleled the one in soil N. Plants at 
plots 1 and 2 were characterized by a significantly lower N concentration in leaves (1.76 and 2.03%, 
respectively), stems (0.46 and 0.49%) and roots (0.61 and 0.65%), compared to plants at plot 3 (leaf N of 
3.23%, stem N of 0.83% and root N of 1.31%). Crops are known to be N-limited if their shoot 
N concentration is below 1.4% (Verhoeven et al. 1996), which applies to plots 1 and 2 when considering 
mean values of leaves and stems. Azcón et al. (1982) found a reduction of mycorrhizal colonization at a 
shoot N above 1.9%, which would apply to plot 3. Other data on tissue N concentrations at which a 
distinct reduction of mycorrhization occurs are not available in literature, but there are a number of 
studies concerning mycorrhizal colonization dealing with the proportion of P and N. 
 

Mosse & Phillips (1971) found that at high phosphorus concentrations, roots were colonized only when 
the medium lacked nitrogen. Nevertheless, they did not consider that AMF may be needed for N nutrition. 
A later connection between P and N availability was established by Sylvia & Neal (1990), who showed 
that under N-limiting conditions, P addition had no effect on mycorrhizal colonization, whereas, when a 
sufficient amount of N was supplied, colonization was suppressed by the addition of P. Also Bååth & 
Spokes (1989) found that only a combination of high phosphorus and nitrogen concentrations led to 
reduced mycorrhization. 
Whether a plant profits from being mycorrhizal is a question of carbon cost vs. benefit through 
improvement of nutrient uptake by AMF (Corkidiki et al. 2002). If plants are nutrient-limited, they profit 
from allocating carbohydrates to the fungi, because in turn the mycobionts provide them with soil 
nutrients. If all required elements are available without mycorrhiza, the carbon cost exceeds the benefit 
and plants stop allocating C to the symbionts, which then become C-limited (Treseder & Allen 2002). 
Sylvia & Neal (1990) found no relationship between tissue N:P ratios and root colonization rates, but 
attributed mycorrhization at high P levels to N deficiency in general. On the contrary, at least at 
intermediate N levels, Liu et al. (2000) obtained a negative correlation between shoot N:P and 
% colonization by AMF. 
 

Like the soil and plant N concentrations, plant N:P ratios found in this study were significantly (marginally 
in the case of root N:P) lower in plants growing at plots 1 and 2, which had respective ratios of 4.29 and 
5.46 in leaves, 2.04 and 1.58 in stems and 1.45 and 1.34 in roots, compared to plants at plot 3 (10.4 in 
leaves, 3.33 in stems and 1.99 in roots). Koerselman & Meuleman (1996) assessed the suitability of 
vegetation N:P ratio as an indicator for nutrient limitation and found that a shoot N:P ratio < 14 at a 
community level indicates N limitation. Unfortunately, their study and most others dealing with this subject 
were restricted to wetland ecosystems. However, a recent literature survey by Tessier & Raynal (2003) 
revealed thresholds for N limitation from different ecosystems, ranging from N:P < 6.7 to 16, and the 
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authors suggested that these ratios may as well be used to indicate nutrient limitation in individual 
species. Aerts & Chapin (2000) assumed that a leaf N:P ratio of about 10 indicates optimal conditions for 
plant growth, and Güsewell (2004) concluded that a vegetation N:P ratio < 10 indicates N limitation. In 
reference to all these values, Artemisia vulgaris seems to be N-limited at plots 1 and 2; accordingly, the 
larger N:P ratio of plants at plot 3 indicates a minor or no N limitation. 
 

With the exception of root N:P, both N and N:P in different plant parts were significantly negatively 
correlated with mycorrhization rates. Spearman rank correlation coefficients (Rs) for leaves and stems did 
not differ much between N and N:P, whereas in the case of roots, Rs was distinctly higher for the 
correlation of % colonization with N than with N:P. Given the high P availability in Steudnitz, leaf and 
stem N concentration and N:P ratio both were good indicators of the mycorrhizal status of a plant, 
whereas in roots, N concentration was a better indicator than N:P ratio. These results imply that 
N deficiency as well as N:P imbalances in plants have similar effects to P deficiency in stimulating root 
colonization by AMF. 
In some cases, the relationship between the parameters seemed to be more or less linear, for example 
for internal mycelium vs. N concentration of leaves (Fig. 10a), internal mycelium vs. N concentration of 
roots (Fig. 10g) and internal mycelium vs. N:P ratios of leaves (Fig. 11a). In other cases, a nitrogen or 
N:P threshold seemed to limit the development of mycorrhizal structures. This is most evident when 
looking at arbuscules and particularly vesicles, e.g. in the event of arbuscules vs. stem N (Fig. 10e), 
vesicles vs. stem N (Fig. 10f), vesicles vs. root N (Fig. 10i), arbuscules vs. stem N:P (Fig. 11e) and 
vesicles vs. stem N:P (Fig. 11f), and may well indicate specific reactions of these different fungal 
structures to changed nitrogen levels or N:P ratios in host plants. According to this hypothesis, internal 
mycelium would directly react proportionally to changes in plant N or N:P level, whereas the production of 
arbuscules and especially of vesicles would depend rather on the crossing of threshold levels. 
 

Apparently, there are no previous studies specifically relating the development of different AMF 
structures to changes in nutrient availability, with the exception of internal vs. external mycelium. For 
example, Abbott et al. (1984) and Thomson et al. (1986) found out that P fertilization first reduced 
structures inside the root and Johnson N.C. et al. (2003) concluded, that external structures are more 
responsive to changes in N availability. In the present study, length of external mycelium was not 
determined, because under field conditions, it is almost impossible to distinguish AMF hyphae from those 
of other soil fungi. 
 

Soil and plant element concentrations other than P and N were never simultaneously related to both each 
other and to mycorrhization rate, and for this reason were not further considered. 
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4.4.2 Experiment 2: Nitrogen fertilization 
The results of the nitrogen fertilization experiment confirm the findings of the previous experiment. 
Because of the proximity to plot 1 of experiment 1, plants at the control plots were exposed to very similar 
nutrient conditions, i.e. they were well provided with phosphorus but presumably deficient in nitrogen. 
Above-ground biomass data of Artemisia vulgaris support this assumption. Although the results just 
bordered on significance, plant dry weight per square meter was several times higher at nitrogen-
fertilized than at control plots. 
Plant nitrogen concentrations and N:P ratios at N-rich and N-poor plots were comparable to those found 
in experiment 1. Tissue N was significantly higher at fertilized plots (leaf N 2.73%, stem N 1.05%) than at 
control plots (leaf N 1.92, stem N 0.55); the same was true for N:P ratios in leaves and stems (9.58 and 
4.98 at +N plots, 6.12 and 2.85 at -N plots, respectively). 
And like plants at plots 1 and 2 of experiment 1, N-poor Artemisia vulgaris plants at –N-plots had high 
mean mycorrhization rates (71% internal mycelium, 46% arbuscules, 36% vesicles), which are 
supposedly a consequence of nitrogen limitation. In accordance with plot 3 of experiment 1, N-rich plants 
at +N-plots had significantly lower mycorrhization rates (34% internal mycelium, 22% arbuscules, 10% 
vesicles); and similar to experiment 1, mycorrhization rates were again negatively correlated with plant 
N concentrations and N:P ratios. 
Thus, the nitrogen fertilization experiment clearly shows that an increase in the N supply of Artemisia 

vulgaris is accompanied by a decrease in mycorrhization rates. 
 
4.5 Conclusions: Current state concerning the impact of nitrogen on AM 
The present study suggests that the mycorrhizal status of Artemisia vulgaris in the phosphorus-rich 
Steudnitz field site depends on the nitrogen level. 
Assuming that arbuscular mycorrhiza is able to improve the N uptake of host plants, it may be 
hypothesized that at plots 1 and 2 of experiment 1 and at the control plots of experiment 2, plants well 
supplied with P but deficient in N allocate more photosynthates to the mycobionts because they benefit 
from an improved N uptake by the mycorrhiza. This in turn results in high colonization rates. In contrast, 
at plot 3 and at the nitrogen-fertilized plots plants are better supplied with N. Therefore, they would 
benefit less from the symbiosis and thus, allocate less C to the fungi. The overall result is a low level of 
colonization by AMF. 
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5 AM in phosphate-polluted soil: 
 Interrelations between root colonization and nitrogen in four plant species 
 
 
5.1 Introduction: Which role do AMF play in Steudnitz? 
In the previous chapter it was shown that the mycorrhizal status of Artemisia vulgaris at the Steudnitz 
field site strongly depended on the nitrogen supply. However, evidence about the contribution of 
arbuscular mycorrhizal fungi (AMF) to the N nutrition of plants remains controversial. In some 
greenhouse experiments mycorrhizal plants had higher N levels than non-mycorrhizal controls (Frey & 
Schüepp 1993, Johansen et al. 1994, Tobar et al. 1994), whereas, although N transfer might occur, no 
differences in the N status of colonized and control plants could be detected in others (Johansen et al. 
1992, Hawkins & George 1999, Johansen 1999, Hawkins et al. 2000), nor in previous field studies (e.g. 
Grogan & Chapin 2000). 
Thus, the final questions to be addressed in this chapter are, whether arbuscular mycorrhiza (AM) 
actually is able to improve the nitrogen nutrition of A. vulgaris; and whether other plant species are as 
well mycorrhizal due to N deficiency and benefit from an improved uptake. 
As mentioned in Chapter 1.2.4, mycorrhizal effects can vary for different plant species, depending on 
their mycorrhizal responsiveness (Francis & Read 1995, Wilson & Hartnett 1998). This responsiveness to 
or dependency on mycorrhizal colonization has been found to vary between taxonomic groups (Francis & 
Read 1995), with life history traits (Wilson & Hartnett 1998), and – most frequently – with root system 
architecture (Baylis 1975, Newsham et al. 1995). 
Another important factor influencing cost:benefit ratios of the symbiosis, and potentially affecting plant 
community composition, are common mycorrhizal networks (CMNs), which link individual plants of the 
same or different species. By enabling nutrient transfer between hosts, these hyphal connections might 
mediate competition, and thus, promote coexistence of plants by equalizing resources between them 
(Grime et al. 1987, Newman 1988, Hartnett & Wilson 2002, Simard et al. 2002, Hart et al. 2003). 
 

To answer the above questions, the N fertilization experiment described in Chapter 4 was continued, and 
– beside A. vulgaris – three previously uninvestigated plants species – another forb and two grasses – 
were included. Furthermore, a second experimental factor, application of the fungicide Benomyl to 
suppress mycorrhizal colonization was added, and combined with N fertilization in a full factorial design. 
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5.2 Materials and methods 
5.2.1 Experiment 3: Fertilizer & fungicide, experimental design 
To assess the influence of nitrogen supply on mycorrhizal root colonization and vice versa, a two-factorial 
experiment was performed in the N-poor area near the former factory, combining the factors 
N fertilization and fungicide application in a nested design, with the fungicide treatment nested within the 
N fertilization treatment (Fig. 3a,b,c). In 2004, fertilizer was applied as described in Chapter 4.2.2.1; 
furthermore, each plot (-N and +N) was divided into two subplots, and from March on, one of them was 
treated with the fungicide Benomyl (Methyl 1-(butylcarbamoyl)-2-benzimidazole carbamate; Benlate, 
DuPont Iberica, Barcelona, Spain), applied as a biweekly soil drench (-N+B and +N+B subplots). For this, 
3 g Benomyl (active ingredient) were dissolved in 5 liters water per m2 (slightly modified from Smith et al. 
1999 and Grogan & Chapin 2000). Untreated subplots (-N-B or +N-B) received the same amount of 
water to control for moisture effects. Because of the slope of the field site, the fungicide treatment 
subplots were not randomly selected, in order to avoid leaching onto plots downhill (upper and lower 
rows were separated by a strip of 0.5 m). 
 
5.2.2 Plant material 
In June 2004, individuals of four plant species, Artemisia vulgaris L., Picris hieracioides L. (both 
Asteraceae), Poa compressa L. and Bromus japonicus Thunb. (both Poaceae) (Fig. 17), were sampled to 
assess tissue element concentrations and degree of mycorrhization. Two plants of each species were 
harvested per subplot. For determination of plant element concentrations, samples were stored at -80°C 
immediately after harvesting; whole shoots of P. compressa and B. japonicus were used, and three 
differently aged parts of the stem and one basal, one intermediate and one apical leaf of individuals of 
A. vulgaris and P. hieracioides were taken, respectively. Root systems were fixed in FAA (formaldehyde-
acetic-acid: 6.0% formaldehyde, 2.3% glacial acetic acid, 45.8% ethanol, 45.9% H2O (v/v)) for 
determination of mycorrhizal colonization (Schmitz et al. 1991). 
 
5.2.3 Soil Parameters, plant element concentrations, and root colonization by AMF 
Also in June 2004, 20 soil cores of 2 cm diameter and 10 cm depth were extracted at each subplot, 
pooled and air-dried. Samples were analyzed at the Institute of Geography, FSU Jena as described in 
Chapter 4.2.1.1. In addition, total soil phosphorus (Ptot) was determined. 
Frozen plant samples were freeze-dried, finely ground in a pebble mill and analyzed for element 
concentrations as described in 4.2.1.3. 
To assess colonization intensity by AMF, fixed root samples were stained and checked for mycorrhization 
as described in Chapter 4.2.1.4. 
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Fig. 17: Plants species examined in experiments 1 and 2 (a) and in experiment 3 (a-d): (a) Artemisia vulgaris, (b) 
Picris hieracioides, (c) Poa compressa, (d) Bromus japonicus. 

 
 
5.2.4 Above-ground biomass 
Between 2000 and 2003, standing biomass of the vegetation at control and N-fertilized plots was 
determined at species level. Every year, plants on an area of 1/3 m² at alternating sections of each plot 
were cut at ground level. Individuals of A. vulgaris, P. hieracioides, P. compressa and B. japonicus were 
sorted and dried to constant weight at 80°C (biomass harvest was done by M. Wagner, also see Wagner 
2004a). 
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5.2.5 Statistics 
Data analyses were performed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA) and R 2.1.0 
(R Development Core Team 2005). 
For analyzing the fertilizer and fungicide-experiment 2004, data from the two individuals per plant species 
were averaged for each subplot to avoid pseudoreplication. Data were tested for normal distribution with 
the Kolmogorov-Smirnov test and for homogeneity of variances with the Levene test. When necessary, 
they were square-root or power transformed to achieve variance homogeneity. Linear mixed-effects 
models (LMEs) with nitrogen fertilization and fungicide treatment as fixed factors and block as random 
factor were fitted for each parameter to assess nitrogen and fungicide effects on soil and plant element 
concentrations and on mycorrhization intensity. A subsequent ANOVA tested whether model terms were 
significant. 
To test for relationships between soil data and mycorrhization rates, Spearman rank correlations were 
performed for plants across -N-B and +N-B subplots (two individuals per species averaged). For relations 
between plant element concentrations and mycorrhization rates (again averaged for each species per 
subplot), Spearman rank correlations were performed across two-subplot-combinations differing only in 
one treatment, i.e. for -N-B and +N-B (affected only by fertilizer), -N-B and -N+B as well as +N-B and 
+N+B (subjected to fungicide effects). The sequential Bonferroni method was used to adjust the type I 
error rate. 
Biomass data from the N addition experiment 2000 to 2003 were power-transformed to meet the 
requirements of variance homogeneity. Fertilizer and time effects were assessed with LMEs (fixed 
factors: nitrogen fertilization and year, random factor: block), followed by ANOVAs testing for the 
significance of model terms. 
 
5.3 Results 
5.3.1 Soil parameters 
Soil data and LME-associated results are shown in Table 8. There were significant effects of nitrogen 
fertilization on total N, K, Mg and plant available P, leading to higher total N and available P but lower K 
and Mg levels in the soil of +N-plots. Other elements were not influenced by fertilization. Fungicide 
application had no effect on soil parameters, and there were no significant interactions between 
N fertilization and Benomyl treatment. 
 
5.3.2 Root colonization by AMF 
In Artemisia vulgaris, Poa compressa and Picris hieracioides, N fertilization reduced root length fraction 
colonized by internal mycelium, arbuscules and vesicles (Fig. 18a,b,c; Table 9), with the exception of 
arbuscules in Picris hieracioides. By contrast, there were no significant N fertilization effects on 
mycorrhization of Bromus japonicus (Fig. 18d; Table 9). Benomyl application negatively affected 
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mycorrhization in all four species (Fig. 18; Table 9). In most instances (except of vesicles in 
B. japonicus), significant interactions between fertilization and fungicide addition indicated weaker effects 
of these factors when combined with the respective other factor; at fungicide-treated subplots, there was 
no difference between +N or -N treatment (Fig. 18; Table 9). 
 
 
Table 8: Soil data for the different treatment combinations (averaged over blocks) of experiment 3. Parameters 
include total element concentrations (Ptot, Ntot, Natot, Ktot, Mgtot, Catot, Cdtot), plant available phosphorus and 
potassium (Pcal, Kcal) and soil acidity (pH). Means (n = 6) and standard deviations (SD) shown. ANOVA F-statistics 
following LMEs were used to test for significances of model terms, which are given as follows: n = N fertilization 
factor, b = Benomyl application factor, n:b = interaction factor. +N = N-fertilized plots, -N = unfertilized plots, 
+B = fungicide (Benomyl) treated subplots, -B = untreated subplots; asterisks indicate significance levels: * P < 0.05, 
** P < 0.01, *** P < 0.001. 

soil parameters -N-B  -N+B  +N-B  +N+B  n b n:b 
 mean SD mean SD mean SD mean SD F = F = F = 

Ptot (g kg-1) 73.1 ± 16.6 80.1 ± 22.9 78.2 ± 17.9 78.5 ± 16.1 0.1 0.5 0.4 

Ntot (%) 0.19 ± 0.03 0.17 ± 0.02 0.20 ± 0.02 0.20 ± 0.02 8.4 * 3.3 3.3 

Natot (g kg-1) 10.4 ± 2.2 10.2 ± 2.5 11.0 ± 2.2 11.3 ± 2.1 4.5 0.03 0.4 

Ktot (g kg-1) 3.81 ± 0.94 3.76 ± 0.97 3.42 ± 1.14 3.35 ± 0.92 8.8 * 0.2 0.01 

Mgtot (g kg-1) 4.17 ± 0.86 4.16 ± 0.88 3.78 ± 1.05 3.73 ± 0.88 12.8 * 0.1 0.03 

Catot (g kg-1) 246 ± 7.9 247 ± 8.4 245 ± 7.3 253 ± 9.9 0.3 4.3 2.7 

Cdtot (mg kg-1) 11.6 ± 3.6 9.9 ± 3.1 12.5 ± 4.2 11.7 ± 2.9 2.7 3.3 0.4 

Pcal (g kg-1) 3.86 ± 0.91 3.63 ± 0.84 4.32 ± 1.05 4.24 ± 1.22 7.2 * 0.6 0.1 

Kcal (mg kg-1) 435 ± 56 414 ± 52 433 ± 57 398 ± 60 0.1 2.9 0.1 

pH  7.5 ± 0.3 7.6 ± 0.3 7.5 ± 0.3 7.5 ± 0.3 0.01 4.7 0.9 

 
Table 9: Percentage root colonization of Artemisia vulgaris, Picris hieracioides, Poa compressa and Bromus 
japonicus by arbuscular mycorrhizal fungi for the different treatment combinations (averaged over blocks) of 
experiment 3. Mycorrhization rates (fraction of root length colonized by AMF) were determined separately for internal 
mycelium (I-mycelium), arbuscules and vesicles. Means (n = 6) and standard deviations (SD) shown. ANOVA F-
statistics following LMEs were used to test for significances of model terms, which are given as follows: 
n = N fertilization factor, b = Benomyl application factor, n:b = interaction factor. +N = N-fertilized plots, 
-N = unfertilized plots, +B = fungicide (Benomyl) treated subplots, -B = untreated subplots; asterisks indicate the 
significance levels: * P < 0.05, ** P < 0.01, *** P < 0.001. 

-N-B  -N+B  +N-B  +N+B  n b n:b mycorrhization 
   (%) mean SD mean SD mean SD mean SD F = F = F = 

A. vulgaris            
I-mycelium 68 ± 8.0 24 ± 3.4 34 ± 3.3 18 ± 6.3 54.6 *** 133.0 *** 15.7 ** 
arbuscules 59 ± 8.0 10 ± 3.5 28 ± 3.5 9 ± 3.8 35.5 ** 316.3 *** 27.3 *** 
vesicles 27 ± 6.4 6 ± 3.1 10 ± 3.6 4 ± 2.8 44.3 ** 92.0 *** 31.7 *** 

P. hieracioides            
I-mycelium 88 ± 8.3 32 ± 9.9 51 ± 14.2 30 ± 5.8 14.8 * 79.4 *** 12.3 ** 
arbuscules 66 ± 12.7 14 ± 3.8 43 ± 17.1 16 ± 6.2 4.2 103.6 *** 9.1 * 
vesicles 45 ± 12.9 14 ± 8.4 23 ± 11.6 15 ± 6.9 8.7 * 29.9 *** 10.2 ** 

P. compressa            
I-mycelium 40 ± 7.7 11 ± 6.3 19 ± 7.5 10 ± 6.5 14.2 * 42.2 *** 12.3 ** 
arbuscules 32 ± 9.5 7 ± 4.1 14 ± 8.0 7 ± 4.6 9.7 * 32.1 *** 9.9 * 
vesicles 12 ± 3.5 2 ± 1.6 6 ± 2.9 3 ± 2.9 9.0 * 39.8 *** 11.5 ** 

B. japonicus            
I-mycelium 56 ± 6.5 8 ± 7.0 47 ± 12.3 17 ± 7.3 0.01 155.2 *** 7.9 * 
arbuscules 53 ± 5.6 6 ± 6.4 43 ± 12.6 13 ± 7.0 0.3 146.5 *** 7.3 * 
vesicles 20 ± 9.6 2 ± 2.3 14 ± 10.8 3 ± 3.4 0.4 28.3 *** 1.7 
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Fig. 18: Fraction of root length colonized by arbuscular mycorrhizal fungi for a) Artemisia vulgaris, b) Picris 
hieracioides, c) Poa compressa and d) Bromus japonicus in the different treatment combinations (averaged over 
blocks) of experiment 3. Mycorrhization rates are separated for internal mycelium (I-mycelium), arbuscules and 
vesicles; means (n = 6) and standard deviations shown. +N = N-fertilized plots, -N = unfertilized plots, +B = fungicide 
(Benomyl) treated subplots, -B = untreated subplots. 
 
In roots of the Asteraceae, a typical Arum-type mycorrhiza with intercellular hyphae and vesicles was 
detected (for A. vulgaris see Fig. 1a-f (similar for P. hieracioides)), whereas roots of the Poaceae 
exhibited an intermediate type (see Smith & Smith 1997, Dickson 2004) between the former and the 
Paris-type, with hyphae and vesicles being formed inter- as well as intracellular, but no hyphal coils and 
only single arbuscules within host cells were present (for B. japonicus see Fig. 1i,j (similar for 
P. compressa)). 
 
5.3.3 Plant element concentrations 
In A. vulgaris, nitrogen fertilization had a positive effect on leaf N concentrations (Fig. 19a) and on stem 
N:P ratios. At the same time, this treatment significantly reduced stem P, K and Ca (Table 10).  
 
___________________________________________________________________________________ 
Table 10: (next page) Plant element concentrations of Artemisia vulgaris, Picris hieracioides, Poa compressa and 
Bromus japonicus for the different treatment combinations (averaged over blocks) of experiment 3. Elements were 
determined separately for leaves (l) and stems (s) of A. vugaris and P. hieracioides, but for whole aboveground plant 
parts of P. compressa and B. japonicus. Means (n = 6) and standard deviations (SD) shown. ANOVA F-statistics 
following LMEs were used to test for significances of model terms, which are given as follows: n = N fertilization 
factor, b = Benomyl application factor, n:b = interaction factor. +N = N-fertilized plots, -N = unfertilized plots, 
+B = fungicide (Benomyl) treated subplots, -B = untreated subplots; asterisks indicate significance levels: * P < 0.05, 
** P < 0.01, *** P < 0.001. 
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Table 10 (legend: previous page) 
 
plant elements -N-B  -N+B  +N-B  +N+B  n b n:b 
 mean SD mean SD mean SD mean SD F = F = F = 

A. vulgaris            
N l (%) 1.73 ± 0.12 1.45 ± 0.10 1.79 ± 0.15 1.62 ± 0.09 7.3 * 25.5 *** 1.7 
N s  0.47 ± 0.04 0.36 ± 0.04 0.47 ± 0.06 0.40 ± 0.09 1.0 13.4 ** 1.1 
P l (ppm) 2758 ± 537 2129 ± 247 2271 ± 228 2604 ± 565 0.001 1.1 11.8 ** 
P s  1643 ± 313 1076 ± 149 1106 ± 185 1063 ± 187 9.7 * 11.9 ** 8.8 * 
N:P l  6.52 ± 1.19 6.83 ± 0.76 8.05 ± 1.02 6.56 ± 1.10 1.6 3.6 8.5 * 
N:P s  2.98 ± 0.39 3.39 ± 0.52 4.35 ± 0.64 4.20 ± 1.03 29.2 ** 0.4 2.0 
Na l (ppm) 118 ± 81 185 ± 126 112 ± 21 451 ± 289 5.0 13.2 ** 4.3 
Na s  406 ± 283 1321 ± 1242 288 ± 180 1251 ± 604 0.04 7.8 * 0.2 
K l (%) 3.35 ± 0.26 3.06 ± 0.26 2.95 ± 0.15 3.08 ± 0.33 3.1 0.5 3.9 
K s  2.20 ± 0.24 1.73 ± 0.28 1.74 ± 0.19 1.51 ± 0.28 11.0 * 11.8 ** 1.3 
Mg l (ppm) 1693 ± 296 1914 ± 468 1841 ± 166 2024 ± 264 1.0 2.4 0.02 
Mg s  896 ± 207 933 ± 301 653 ± 109 828 ± 91 4.7 1.7 0.7 
Ca l (%) 1.23 ± 0.24 1.50 ± 0.33 1.21 ± 0.21 1.46 ± 0.15 0.1 9.2 * 0.01 
Ca s  0.73 ± 0.13 0.64 ± 0.13 0.48 ± 0.12 0.57 ± 0.14 9.5 * 0.0002 3.0 
Cd l (ppm) 1.38 ± 0.19 1.13 ± 0.25 1.34 ± 0.34 1.47 ± 0.23 1.2 0.5 1.9 
Cd s  1.95 ± 0.53 1.85 ± 0.43 1.45 ± 0.22 1.53 ± 0.48 5.0 0.01 0.5 

P. hieracioides            
N l (%) 1.43 ± 0.23 1.17 ± 0.27 1.61 ± 0.19 1.32 ± 0.27 3.2 10.2 ** 0.1 
N s  0.55 ± 0.05 0.53 ± 0.16 0.55 ± 0.13 0.47 ± 0.08 0.5 2.1 0.6 
P l (ppm) 4063 ± 734 3483 ± 1395 3381 ± 483 3119 ± 748 2.3 2.2 0.3 
P s  2122 ± 331 1956 ± 560 1617 ± 76 1452 ± 214 7.4 * 4.7 0.003 
N:P l  3.62 ± 0.57 3.62 ± 0.80 4.94 ± 0.97 4.50 ± 1.04 22.5 ** 0.9 0.9 
N:P s  2.66 ± 0.54 2.66 ± 0.65 3.13 ± 0.13 3.31 ± 0.70 4.7 0.2 0.2 
Na l (ppm) 2317 ± 1143 4076 ± 1552 4065 ± 1386 4712 ± 2106 3.9 4.0 0.9 
Na s  4117 ± 940 4375 ± 1017 3770 ± 1176 3529 ± 1526 1.5 0.002 0.3 
K l (%) 3.24 ± 0.72 2.89 ± 1.21 2.91 ± 0.32 2.67 ± 0.70 0.7 1.6 0.1 
K s  1.86 ± 0.45 1.57 ± 0.44 1.45 ± 0.09 1.51 ± 0.34 3.7 1.3 2.6 
Mg l (ppm) 2357 ± 270 1994 ± 419 2749 ± 302 2422 ± 666 4.7 5.7 * 0.02 
Mg s  1123 ± 198 814 ± 124 800 ± 96 788 ± 116 10.4 * 10.5 * 7.3 * 
Ca l (%) 1.76 ± 0.22 1.55 ± 0.46 1.81 ± 0.19 1.68 ± 0.32 0.5 1.9 0.1 
Ca s  0.58 ± 0.17 0.48 ± 0.14 0.37 ± 0.08 0.35 ± 0.03 20.2 ** 19.1 ** 4.1 
Cd l (ppm) <1.0  <1.0  <1.0  <1.0     
Cd s  <1.0  <1.0  <1.0  <1.0     

P. compressa            
N (%) 0.56 ± 0.04 0.86 ± 0.24 0.73 ± 0.17 0.93 ± 0.29 3.5 15.0 ** 0.6 
P (ppm) 1230 ± 118 1405 ± 167 1083 ± 176 1310 ± 135 6.8 * 18.7 ** 0.3 
N:P  4.57 ± 0.25 6.12 ± 1.39 6.82 ± 1.02 7.13 ± 2.31 11.7 * 3.8 1.7 
Na (ppm) 95 ± 25 76 ± 23 169 ± 132 107 ± 52 1.6 10.2 * 2.4 
K (%) 1.00 ± 0.07 1.15 ± 0.10 1.08 ± 0.11 1.12 ± 0.11 0.4 9.8 * 2.7 
Mg (ppm) 468 ± 29 675 ± 95 476 ± 69 627 ± 129 0.6 49.0 *** 1.2 
Ca (%) 0.24 ± 0.03 0.30 ± 0.05 0.19 ± 0.03 0.22 ± 0.03 20.8 ** 20.5 ** 1.9 
Cd (ppm) <1.0  <1.0  <1.0  <1.0     
B. japonicus            
N (%) 0.62 ± 0.07 0.75 ± 0.12 0.69 ± 0.06 0.64 ± 0.11 0.4 1.8 7.6 * 
P (ppm) 1563 ± 132 1584 ± 238 1790 ± 303 1599 ± 335 0.9 1.0 1.5 
N:P  4.03 ± 0.31 4.90 ± 1.21 4.08 ± 0.72 4.34 ± 0.64 0.4 2.9 0.1 
Na (ppm) 105 ± 63 90 ± 29 127 ± 38 121 ± 32 1.9 0.3 0.1 
K (%) 0.66 ± 0.07 0.63 ± 0.04 0.70 ± 0.03 0.66 ± 0.06 4.0 4.4 0.3 
Mg (ppm) 948 ± 100 1016 ± 164 947 ± 162 950 ± 165 0.4 0.6 0.5 
Ca (%) 0.40 ± 0.10 0.34 ± 0.05 0.34 ± 0.11 0.32 ± 0.07 1.9 2.0 0.6 
Cd (ppm) <1.0  <1.0  <1.0  <1.0     
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Fig. 19: Nitrogen concentration in leaves and stems of a) Artemisia vulgaris and b) Picris hieracioides, and in whole 
above-ground plant parts of c) Poa compressa and d) Bromus japonicus in the different treatment combinations 
(averaged over blocks) of experiment 3. Means (n = 6) and standard deviations shown. +N = N-fertilized plots, 
-N = unfertilized plots, +B = fungicide (Benomyl) treated subplots, -B = untreated subplots. 
 
Fungicide application resulted in significantly lower concentrations of N in leaves and stems (Fig. 19a) as 
well as P and K in stems, whereas leaf and stem Na as well as leaf Ca were positively affected 
(Table 10). For stem P, there was also a significant interaction between the two factors: It was equally 
reduced by N fertilization and by Benomyl application, but there was no further reduction when factors 
were combined. A similar interaction for leaf P was even more pronounced: fertilizer and fungicide had 
negative effects when applied individually, but positive effects when combined. Accordingly, there was as 
well a significant interaction for leaf N:P, and highest ratios were found under N fertilization when 
Benomyl was not applied. 
P. hieracioides showed similar patterns to A. vulgaris: N fertilization affected leaf N:P ratio positively and 
stem P, Mg and Ca negatively (Table 10). Fungicide application significantly reduced leaf N (Fig. 19b), 
leaf and stem Mg, as well as stem Ca (Table 10). Stem Mg was equally reduced by N fertilization and by 
Benomyl application, with no further reduction when factors were combined, resulting in a significant 
interaction term. 
Regarding N fertilization, P. compressa was subject to similar effects as the two Asteraceae: the 
treatment had a significant positive effect on aboveground N:P ratio and negative effects on P and Ca 
concentrations (Table 10). Fungicide application, on the other hand, mostly led to opposite results: N 
(Fig. 19c), P, K, Mg and Ca levels were positively affected, whereas Na was negatively affected 
(Table 10). 
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Fertilizer and fungicide did not have main effects on concentrations of any of the analyzed elements in 
B. japonicus (Table 10). However, there was a significant interaction effect on N concentrations 
(Fig. 19d), with slightly positive effects of fertilizer and fungicide in the absence of the respective other 
factor, and weak negative effects in its presence. 
A. vulgaris was the only species accumulating Cd in measurable (<1 ppm) concentrations, but levels of 
this element were not affected by treatments (Table 10). 
 
5.3.4 Correlations between root colonization and soil parameters or plant element concentrations 
Spearman rank correlation analyses were performed for fractions of root lengths colonized by internal 
mycelium, arbuscules or vesicles and soil parameters significantly affected by fertilizer application as well 
as plant parameters affected by fertilizer or fungicide treatment. 
None of the soil parameters were significantly correlated to mycorrhization rates of any of the four plant 
species (data not shown), whereas positive or negative relationships were detected between plant 
element concentrations and mycorrhization intensity of the respective roots (Table 11). 
Regarding subplots underlying only fertilizer effects (-N-B and +N-B), mycorrhization rates of A. vulgaris 
were significantly negatively correlated to N:P ratios in stems (Fig. 20), whereas they were positively 
correlated to stem P (except entire internal mycelium), K and Ca. For P. hieracioides, a negative 
correlation between vesicles and leaf N:P was found, and significant positive relationships between all 
three mycorrhization parameters and stem P, Mg (except arbuscules) and Ca. Internal mycelium and 
arbuscules in P. compressa were negatively correlated to N:P ratios (Fig. 21). 
A. vulgaris plants at control subplots subjected to fungicide effects (-N-B and -N+B) showed positive 
correlations between all parameters of root colonization and N in stems (Fig. 22) as well as P and K in 
stems, and negative correlations between mycorrhization and Ca in leaves (except vesicles). In 
P. hieracioides at these subplots only stem Mg was positively correlated to mycorrhization rates; and in 
P. compressa negative correlations were found between mycorrhizal features and N (Fig. 23) and 
Mg concentrations. 
At fertilized plots (+N-B and +N+B) the only significant relationship was a positive correlation between 
internal mycelium and stem K in A. vulgaris. 
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Table 11: Spearman rank correlation coefficients (RS) for mycorrhization rates vs. element concentrations of plants 
significantly affected by fertilizer or fungicide treatment, experiment 3; n = 12. Correlation analyses were performed 
separately for two-subplot-combinations differing only in one treatment: -N-B&+N-B = unfertilized and fertilized plots 
without fungicide; -N-B&-N+B = unfertilized plots without and with fungicide, +N-B&+N+B = fertilized plots without 
and with fungicide. Mycorrhization rates are separated in I-myc. = internal mycelium, arb. = arbuscules and 
ves. = vesicles. Asterisks indicate significant correlations (P < 0.05, adjusted by the sequential Bonferroni method). 

RS -N-B&+N-B -N-B&-N+B +N-B&+N+B 
 I-myc. arb. ves. I-myc. arb. ves. I-myc. arb. ves. 

Artemisia 
   vulgaris 

         

N leaves -0.063 -0.175 -0.196  0.608  0.518  0.663  0.566  0.519  0.268 
N stems     0.708 *  0.610 *  0.663 *  0.518  0.671  0.305 
P leaves  0.332  0.375  0.652  0.489  0.411  0.565 -0.319 -0.443  0.018 
P stems  0.553  0.650 *  0.705 *  0.719 *  0.718 *  0.732 *  0.067 -0.007  0.288 
N:P leaves -0.354 -0.441 -0.660 -0.039 -0.081 -0.175  0.543  0.671  0.186 
N:P stems -0.581 * -0.629 * -0.811 *       
Na leaves    -0.224 -0.464 -0.319 -0.620 -0.594 -0.660 
Na stems    -0.457 -0.280 -0.236 -0.606 -0.436 -0.530 
K stems  0.722 *  0.811 *  0.579 *  0.667 *  0.648 *  0.616 *  0.704 *  0.510  0.368 
Ca leaves    -0.733 * -0.662 * -0.473 -0.483 -0.441 -0.225 
Ca stems  0.585 *  0.636 *  0.842 *       

Picris 
   hieracioides 

         

N leaves     0.476  0.606  0.455  0.221  0.158 -0.014 
P stems  0.855 *  0.782 *  0.809 *       
N:P leaves -0.615 -0.517 -0.706 *       
Mg leaves     0.483  0.418  0.337 -0.105 -0.056 -0.287 
Mg stems  0.682 *  0.582  0.727 *  0.832 *  0.739 *  0.900 *  0.136  0.227  0.014 
Ca stems  0.756 *  0.601 *  0.743 *  0.329  0.350  0.525  0.536  0.336  0.574 

Poa 
   compressa 

         

N    -0.821 * -0.787 * -0.815 *  0.060  0.007 -0.053 
P  0.389  0.287  0.340 -0.420 -0.395 -0.347 -0.246 -0.211 -0.445 
N:P -0.760 * -0.692 * -0.516       
Na     0.399  0.427  0.525 -0.055 -0.067 -0.109 
K    -0.559 -0.511 -0.543  0.116  0.144 -0.135 
Mg    -0.678 * -0.676 * -0.655 * -0.049 -0.093 -0.213 
Ca  0.639  0.511  0.529 -0.627 -0.611 -0.504  0.172  0.186 -0.133 

Bromus 
   japonicus 

         

N -0.267 -0.360 0.043 -0.451 -0.436 -0.405  0.277  0.240 -0.018 

 
 

 
Fig. 20: Fraction of root length colonized by internal mycelium (I-mycelium), arbuscules and vesicles, plotted 
against N:P-ratio in stems of Artemisia vulgaris across -N-B and +N-B subplots, experiment 3. Means of these 
subplots were pooled. 
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Fig. 21: Fraction of root length colonized by internal mycelium (I-mycelium), arbuscules and vesicles, plotted 
against N:P-ratio in Poa compressa across -N-B and +N-B subplots, experiment 3. Means of these subplots were 
pooled. 
 

 
Fig. 22: N concentration in stems of Artemisia vulgaris plotted against fraction of root length colonized by internal 
mycelium (I-mycelium), arbuscules and vesicles across -N-B and -N+B subplots, experiment 3. Means of these 
subplots were pooled. 
 

 
Fig. 23: N concentration in Poa compressa plotted against fraction of root length colonized by internal mycelium 
(I-mycelium), arbuscules and vesicles across -N-B and -N+B subplots, experiment 3. Means of these subplots were 
pooled. 
 
5.3.5 Above-ground biomass 
Aboveground biomass data (provided by M. Wagner) and fertilizer or time effects are summarized in 
Table 12. From 2000 to 2003, biomass of A. vulgaris and P. hieracioides was positively affected by 
N fertilization, whereas P. compressa biomass was negatively affected. Significant interactions of factors 
for A. vulgaris and P. hieraciodes indicated that responses to N addition were fluctuating over the years; 
additionally, a main effect of time on P. hieracioides showed a general trend for decreasing biomass 
across plots. There was no significant main effect of N addition on B. japonicus, but a time effect and an 
interaction effect, representing highest biomass in 2002 at N-fertilized plots. 
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Table 12: Biomass data for Artemisia vulgaris, Picris hieracioides, Poa compressa and Bromus japonicus from 
2000 to 2003 for nitrogen-fertilized (+N) and control (-N) plots (averaged over blocks). Means and standard 
deviations (SD) shown. ANOVA F-statistics following LMEs were used to test for significances of model terms, which 
are given as follows: n = N fertilization factor, year = time factor, n:year = interaction factor. +N = N-fertilized plots, 
-N = unfertilized plots; asterisks indicate significance levels of * P < 0.05, ** P < 0.01, *** P < 0.001. 

Artemisia vulgaris Picris hieracioides Poa compressa Bromus japonicus biomass (g m-2) 
mean SD mean SD mean SD mean SD 

2000  -N 14.8 ± 19.9 51.1 ± 34.6 11.6 ± 16.1 2.5 ± 3.2 
 +N 18.3 ± 32.7 94.8 ± 69.3 8.5 ± 18.4 0.5 ± 0.6 

2001  -N 7.1 ± 10.5 63.0 ± 35.3 35.3 ± 35.1 15.4 ± 21.2 
 +N 102.4 ± 84.2 95.8 ± 52.9 11.6 ± 13.0 15.4 ± 19.0 

2002  -N 7.9 ± 13.2 45.9 ± 21.0 32.6 ± 34.3 7.7 ± 5.8 
 +N 36.1 ± 55.0 39.3 ± 22.8 13.0 ± 16.0 129.1 ± 81.1 

2003  -N 3.5 ± 6.7 17.7 ± 9.8 17.1 ± 25.3 3.1 ± 3.8 
 +N 19.3 ± 19.7 64.1 ± 52.2 5.8 ± 7.2 11.6 ± 11.3 

n F = 6.2 *  370 ***  9.8 *  0.1  
year F = 1.3  4.0 *  2.9  41.4 ***  
n:year F = 4.8 **  6.1 **  0.6  16.8 ***  

 
 
5.4 Discussion: Consequences of reduced mycorrhization intensity 
5.4.1 Interrelations between mycorrhizal colonization, soil and plant N & P 
As expected, soil N levels were increased by N fertilization, but still remained quite low in all plots, with 
levels not exceeding 0.2%, since a large part of the added nitrogen might have been directly taken up by 
plants. 
Accordingly, fertilization positively affected N concentration and N:P ratio of A. vulgaris as well as 
N:P ratios of P. hieracioides and P. compressa. Furthermore, although plant N (ca. 0.6% - 1.8%) and 
especially N:P levels (ca. 3 - 8) were all in a range at which plants are rather N-deficient (see e.g. 
Bergmann 1993, Marschner 2002, Tessier & Raynal 2003), improved N supply lowered mycorrhization in 
these three species (for details, i.e. differences for internal mycelium, arbuscules and vesicles, and for 
leaves and stems, see results section and Tables 10 & 11). Concordantly, mycorrhization rates also were 
negatively correlated to N:P ratios in plants. Reduction of mycorrhizal colonization with increasing 
N provision, as already shown for A. vulgaris in the two previous years (see Chapter 4 and Blanke et al. 
2005), supports the hypothesis that plants are mycorrhizal because of N deficiency, and that they, when 
amply supplied with nutrients – in this case enough N in addition to the already high P – stop allocating C 
to the fungi, thus reducing mycorrhization intensity (Treseder & Allen 2002). 
 

Plant available soil phosphorus also was increased by N fertilization. It seems possible that, as observed 
in other studies, N addition stimulated soil (Johnson et al. 1998) or root phosphatase activity (Phoenix et 

al. 2003), leading to an increased overall availability of P in the soil. On the other hand, soil data 
collected in 1999 on the whole plot level prior to the onset of the fertilization experiment (M. Wagner, 
unpublished data) seem to indicate that this result may be due to pre-existing differences in available P 
between N plots and control plots, and therefore requires cautious interpretation. However, available 
P concentrations were at least 3.6 g kg-1 soil and hence, should be indeed more than high enough at all 
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plots to amply supply plants with this nutrient without mycorrhiza (see e.g. Sanders & Tinker 1973, 
Menge et al. 1978, Graham et al. 1981). Generally, affected soil elements only showed slight differences 
between control and fertilized plots. 
Plant P in the two Asteraceae and in P. compressa was decreased by N fertilization. These changes may 
be due to the reduced mycorrhization rates following fertilization (see below); accordingly, 
P concentrations in the two Asteraceae as well were positively correlated to root colonization. Moreover, 
N addition can generally result in reduced P concentrations in leaves (Smith 1962), which may play a role 
at least in P. compressa, since for this species, fungicide and fertilizer effects did not correspond with 
each other. When compared to soil P and standard values in literature, plant P levels were not noticably 
high, ranging from 2000 to 4000 ppm in leaves of the two forbs and from 1000 to 1800 ppm in the two 
grasses (see e.g. Bergmann 1993, Marschner 2002). An explanation for this could be that if 
N concentrations in plants are low, they reduce uptake of P to avoid an overly unbalanced N:P ratio. 
Smith (1962) also found that critical P concentrations in leaves decrease along with N concentrations; 
and according to Tilman’s resource ratio model (e.g. Tilman 1982) plants take up nutrients in proportions 
required by the species, not necessarily dependent on supply ratio. Generally, tissue element 
concentrations have been found to be lower in grasses compared to forbs (Mamolos et al. 2005). 
 

Irrespective of nitrogen addition, the fungicide treatment successfully reduced mycorrhizal root 
colonization in all four species. In agreement with the initial hypothesis, this lowered nitrogen 
concentrations in A. vulgaris and P. hieracioides, which suggests that AMF contribute to the nitrogen 
nutrition of their hosts. Accordingly, N was significantly negatively correlated to mycorrhization intensity in 
A. vulgaris at -N-B and -N+B subplots, showing that with increasing root colonization by AMF plant 
N concentration also increases. 
In A. vulgaris, P levels as well were reduced by fungicide addition, and positively correlated with 
mycorrhization rates, indicating that the mycorrhiza also has an influence on P uptake, in spite of the high 
soil P content. One explanation for this could be that, as outlined above, plant P concentrations to some 
extent were adjusted to N concentrations. Another reason might be that AM colonization can result in the 
complete inactivation of the direct P uptake pathway via root tissue alone (Smith et al. 2003, Smith et al. 
2004, Jansa et al. 2005, Bucher 2007), which would explain reduced P uptake following reduced 
mycorrhization, even under high P availability. Inhibited P uptake through reduced mycorrhization may 
also account for the negative fertilization effect on plant P. 
 

In contrast to N fertilization, fungicide addition had opposite effects on the two Asteraceae and on 
P. compressa: It increased N and P concentrations in the latter. Furthermore, N was negatively 
correlated to mycorrhization rates, showing decreasing concentrations with increasing root colonization. 
This indicates that AMF had a negative influence on these elements in P. compressa and will be 
discussed below. 
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Soil parameters never were affected by Benomyl application, so that fungicide-induced changes in plant 
element concentrations can be attributed to reduced mycorrhization intensity. 
 

There were no main effects of N fertilization on tissue element concentrations and mycorrhization rates of 
B. japonicus, indicating that for this species N limitation may not be the central reason for being 
mycorrhizal. Although fungicide application significantly reduced root colonization, there was just a weak 
interaction effect on plant N, which is difficult to explain, particularly as mycorrhization was not affected 
by N availability. Thus, B. japonicus does not seem to benefit from the fungi through improved nutrient 
uptake. There may, however, be alternative explanations for mycorrhization of this species, such as 
drought stress (Al-Karaki 1998) or improved resistance to pathogens (Newsham et al. 1995; see below). 
 
5.4.2 Treatment effects on other elements 
Significant fungicide and fertilizer effects and correlations between mycorrhization and tissue element 
concentrations in the two forbs suggest that the presence of AMF can improve K and Mg nutrition and 
reduce Na uptake, but show inconsistent results for Ca (see Tables 10 and 11). Effects of AMF on plant 
cation nutrition are also controversially discussed in the literature; however, there is evidence that AMF 
are able to improve host nutrition of various macronutrients and as well reduce Na uptake (e.g. 
Marschner & Dell 1994, Bermudez & Azcon 1996, Al-Karaki 2000, Alloush et al. 2000, Giri & Mukerji 
2004). Moreover, root uptake of K, Ca and Mg may be enhanced at higher plant P concentrations 
following mycorrhization (Hawkins & George 1999), and Jentschke et al. (2001) found a coupling of 
hyphal P with e.g. K and Mg translocation in ectomycorrhizas. Here, nitrogen effects on plant K and Mg 
may also be attributable to changes in soil nutrient levels, since fertilized plots had slightly decreased K 
and Mg concentrations – possibly because these elements had been displaced in ion exchange 
processes by adding ammonium. There also could have been direct interactions between the elements: 
N addition has been shown for example to decrease leaf K concentrations, which in turn might increase 
the Na level (Smith 1962). 
In P. compressa, concentrations of K, Mg, Ca and Na showed – like N and P – tendencies in response to 
fungicide application that were opposite to those observed in the two Asteraceae (see Table 10 and 11). 
This might as well be explained by opposite mycorrhizal effects on these elements or by direct 
interactions between the elements following N or P concentrations. 
Cadmium, beside P one of the main pollutants with still elevated soil levels at the site, was only detected 
in A. vulgaris; however, levels neither were particularly high (see e.g. Bergmann 1993), nor affected by 
treatments. This fits with the results presented in Chapter 4, i.e. that Cd was not measurable or related to 
mycorrhization, and is in agreement with the assumption that this element is immobilized in soil at high 
pH. 
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5.4.3 Nitrogen effects on species’ biomass 
The increase in aboveground biomass of the perennial A. vulgaris and the biennial P. hieracioides in 
response to four years of N fertilization supports the assumption that these species are N-limited at the 
study site. The annual B. japonicus seemed to benefit from N fertilization in some years but not in others. 
The missing main effect of N fertilization may be due to the recurring need for this species to establish 
from seeds each year, and establishment success may depend on factors other than nitrogen availability. 
It is also consistent with the assumption that for B. japonicus N deficiency is not the main reason for 
being mycorrhizal. P. compressa responded negatively to N fertilization. This is surprising as N addition 
often favours grasses over forbs (e.g. Tilman 1987, Bobbink 1991), but may be explained by a weak 
competitive ability of this species which was classified as an S-strategist (according to Stephan 2001, 
sensu Grime 1977), that does better in comparison to more competitive species under nutrient-limiting 
conditions. 
 
5.4.4 Possible implications of mycorrhizal dependency for differences in plant species’ responses 
The increase in tissue N concentrations observed in P. compressa on fungicide-treated subplots is 
particularly noteworthy, and can be explained with respect to the mycorrhizal responsiveness or 
dependency of the species. This characteristic strongly depends on the root system: small, poorly 
branched systems and thick roots possessing few hairs are more dependent on the mycorrhiza; by 
contrast, extensive, strongly branched root systems and fine roots densely covered with long root hairs 
are less dependent, since they are better adapted to nutrient uptake themselves (Baylis 1975, Newsham 
et al. 1995). Regarding taxonomic groups, Francis & Read (1995) suggested that members of the 
Asteraceae are responsive to mycorrhizal infection and show a mutualistic symbiosis, whereas members 
of the Poaceae should be facultative mycorrhizal, with the plant having no benefit and the position of the 
fungus along the symbiotic continuum being rather unclear. Further, Wilson & Hartnett (1998) discovered 
a positive correlation between responsiveness and colonization intensity. 
These relationships seem also to apply to the species studied here: A. vulgaris and P. hieracioides, 
characterized by less extensive root systems compared to the grasses, were strongly colonized at 
untreated plots, and their element concentrations were positively affected by AMF. By contrast, 
P. compressa, which had the most extensive root system of species included in this study (personal 
observation) was significantly less colonized than the other species under control conditions (exact 
Friedman-test for related samples for plants at –N-B subplots; χ2 = 15.8; 15.0 and 13.8 for internal 
mycelium, arbuscules and vesicles, respectively; in each case P < 0.001), and plant element 
concentrations of this species were not increased by the mycorrhiza; in fact they were even reduced (see 
below). 
B. japonicus was strongly colonized, although it had a fine, graminoid root system, but mycorrhization 
intensity did not respond to N fertilization, and there were no clear trends in plant element levels following 
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fungicide treatment. This corresponds to the finding of Francis & Read (1995), that Poaceae do not 
positively react to mycorrhization and might well be explained by the hypothesis of Newsham et al. 
(1995) that plants with an extensive root system can benefit in other ways from AM than simply from 
improved nutrient uptake, for example by deriving protection against pathogens. 
 

In a plant community, differences in mycorrhizal responsiveness can influence competitive interactions 
between species, depending on whether AMF are present or not. Highly dependent species should have 
an advantage over less dependent species when AMF are present, whereas the latter should be superior 
competitors for nutrients when none of the plants can benefit from mycorrhiza (see also Moora & Zobel 
1996, Hartnett & Wilson 1999, Smith et al. 1999). This could account for higher element concentrations in 
the Asteraceae at subplots not treated with the fungicide compared to treated subplots, since they are 
more dependent on AMF for efficient nutrient uptake and superior competitors when fully mycorrhizal. In 
contrast, P. compressa, which itself is efficient in taking up nutrients, may have access to more nutrients 
when mycorrhization is suppressed, because then A. vulgaris and P. hieracioides are inferior 
competitors. This would lead to higher element levels in P. compressa at fungicide-treated compared to 
untreated subplots. 
 
5.4.5 Potential involvement of mycorrhizal networks 
Another, or additional, explanation for the interspecific differences in response to fungicide addition may 
involve the destruction of nutrient transfer pathways via common mycorrhizal networks (CMNs). It has 
been hypothesized that these hyphal linkages affect nutrient distribution within a plant community (e.g. 
Grime et al. 1987, Newman 1988, Simard et al. 2002), and a connection between direction of transfer 
and mycorrhizal dependency of species has been found, suggesting nutrients might be transferred from 
less dependent to more dependent plants (van der Heijden 2002, Wilson et al. 2006). It thus seems 
possible that less responsive P. compressa has lost nutrients over a well developed network to more 
responsive plants like A. vulgaris and P. hieracioides. Disruption of hyphal linkages would then leave 
more nutrients for the grass. Since AMF-hyphae are difficult to distinguish from other soil fungi, amounts 
of external mycelium were not measured in this study, but it certainly was destroyed to a significant 
extent, given that even fungal structures inside roots were suppressed by the fungicide. 
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5.5 Conclusions: Current state concerning the impact of AM on plant elements 
As hypothesized, improving the N supply at the P-rich Steudnitz field site resulted in decreased root 
colonization intensity by AMF for the majority of tested plant species; this confirms that they are 
mycorrhizal due to N deficiency. Suppression of AM by fungicide addition proved that the fungi are able 
to enhance the N concentrations of plants, although in some cases the presence of AMF may reduce 
nutrient concentrations. These interspecific differences might be based on variations in mycorrhizal 
dependency, with more responsive species having an advantage over less responsive species when fully 
mycorrhizal, and the latter being superior competitors for nutrients when none of the species can benefit 
from the mycorrhiza. Another potential explanation may be a nutrient transfer from less dependent to 
more dependent species via CMNs. 
 



6 General discussion 

 59 

6 General discussion 
 
 
Ecological studies concerning regeneration patterns or restoration possibilities at degraded sites rarely 
consider implications of soil microorganisms. However, these organisms – particularly mycorrhizas, 
which form important links between above-ground plant communities and below-ground soil systems – 
play a crucial role in determining ecosystem structure and functioning (e.g. Allen et al. 2001, Korb et al. 
2003, Renker et al. 2004). 
It has been shown that the diversity of arbuscular mycorrhizal fungi (AMF) is a major factor contributing to 
the maintenance of plant biodiversity and ecosystem functioning (Streitwolf-Engel et al. 1997, van der 
Heijden et al. 1998a, b) and that – vice versa – AMF richness may depend on plant diversity (Johnson et 

al. 1992, Bever et al. 1996, Eom et al. 2000, Burrows & Pfleger 2002, Johnson D. et al. 2003). 
Environmental factors of course have also direct influences on mycorrizal fungi (Allen et al. 1995), and in 
degraded ecosystems reduced AMF diversities have been found frequently (e.g. Helgason et al. 1998, 
Egerton-Warburton & Allen 2000, Azcón-Aguilar et al. 2003, Renker et al. 2005). 
 

As AMF are thought to be obligate symbionts, they may not be present in a heavily degraded ecosystem, 
where plant cover was absent for a long time. In this case, non-mycotrophic species are favoured in the 
early stages of recolonization. In the course of succession, as fungal propagules are introduced by 
animals or wind (Allen 1988), mycorrhizal activity increases, associated with a decrease in non-
mycotrophic species in favour of more and more dependent species (Janos 1980, Allen 1991). If AMF 
are present at the start of regeneration, they may accelerate this process by favouring mycotrophic 
species right from the beginning (Allen & Allen 1984). 
Unfortunately, there are no records about mycorrhizal inoculum in the soil of the Steudnitz field site 
directly after factory closure. In the beginning of succession, the most degraded area near the factory 
was devoid of vegetation and later dominated by Puccinellia distans, which is reported to be rarely 
mycorrizal (http://www.york.ac.uk/res/ecoflora/cfm/ecofl/index.cfm), with scattered Atriplex sagittata 

plants, as Chenopodiaceae typically non-mycorrhizal. Thus, it seems possible that in this area, no fungal 
propagules were left, although these species now are found to be slightly colonized by AMF (see Table II, 
Appendix). As they are typical salt marsh plants, adapted to moist habitats, they might be mycorrhizal 
here because of drought stress (cf. Renker et al. 2005). 
However, currently, AMF diversity is still reduced compared to reference field sites and other studies 
(Chapter 3, Renker et al. 2005). This shows that abiotic factors still have a constraining influence on the 
fungi, and obviously are more important than biotic factors, since a diverse ruderal plant community, 
which should promote AMF diversity, has developed. 
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The main question of this work was why arbuscular mycorrhiza (AM) was present in Steudnitz at all, and 
why plant roots actually were strongly colonized by AMF. Usually, high phosphorus concentrations in the 
soil should suppress AM colonization, since its main function is improving the P nutrition of plants (e.g. 
Sanders & Tinker 1971, Hayman & Mosse 1972). If plants have access to ample P themselves, they 
usually reduce carbon allocation to their symbionts, which in turn reduces or inhibits mycorrhizal 
colonization (e.g. Daft & Nicolson 1969, Sanders & Tinker 1973). 
Another consequence of high nutrient availability may be the selection of less mutualistic fungal strains, 
which colonize roots to the same extent as mutualistic strains, thus exerting the same carbon cost, but 
deliver less nutrients to the plant (Johnson 1993, Smith & Smith 1996). However, as discussed in 
Chapter 3, none of the AMF species in Steudnitz were exclusive to this site, but also found at comparable 
field sites, which may imply that there were no adapted fungal strains. 
 

Additionally, these inferior mutualists (“cheaters”) often possess fewer arbuscules in relation to entire 
internal mycelium and vesicles. According to the theory of spatial separation of nutrient and carbon 
transport – via arbuscules and via internal mycelium, respectively (e.g. Gianinazzi-Pearson et al. 1991, 
see 1.2.1) – this accounts for an inferior nutrient transport from fungus to plant, whereas the plant’s 
carbon cost for maintaining fungal biomass remains high (Johnson 1993, Smith & Smith 1996). 
Therefore, the arbuscule:total colonization-ratio is thought to reflect the (in this order) benefit:cost-ratio of 
the symbiosis (Dekkers & Van der Werff 2001), as well as the arbuscule:vesicle-ratio, since the latter 
serve as fungal storage organs and exert a high carbon cost on the plant (Johnson 1993). Dekkers & 
Van der Werff (2001) found arbuscule:total colonization-ratios of cereals to be reduced from 0.41 or 0.45 
to 0.27 or 0.3, respectively, in response to phosphorus fertilization and attributed the latter a lower 
mutualistic functioning. In the present three experiments, colonization rates by arbuscules divided by total 
colonization rates (A:I-ratios) were about 0.6 to 0.9 at plots not treated with the fungicide (Table III, 
Appendix), roughly twice the values observed by Dekkers & Van der Werff (2001). This supports the idea 
that fungi at this field site are no inferior mutualists. Furthermore, A:I-ratios were not affected by improved 
nitrogen supply (see below), whereas A:V-ratios were; however, in the latter, the amount of vesicles 
decreased in comparison to the amount of arbuscules following N addition (Table III, Appendix). This 
suggests that mycobionts associated with well-supplied plants did not behave more “parasitic”, but that 
indeed these plants provide less carbon, which first becomes apparent in the reduction of fungal storage 
structures. 
 

Root colonization can remain high after phosphorus fertilization without the fungi having a detrimental 
effect on their hosts, if another nutrient is limiting plant performance (see Treseder & Allen 2002). At the 
Steudnitz site, soil nitrogen is quite low, and N fertilization of plots in the N-poor area close to the former 
factory positively affected performance of the majority of plant species (Wagner 2004a; and see 
Chapter 5). Thus, the question arose, whether plants were mycorrhizal due to nitrogen deficiency. 
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Although it is still discussed controversially whether AM is also able to significantly improve N nutrition of 
plants (e.g. Frey & Schüepp 1993, Tobar et al. 1994, Hawkins et al. 2000), N fertilization has been shown 
to reduce mycorrhizal colonization (Jensen & Jakobsen 1980, Azcón et al. 1982, Olsson et al. 2005). The 
relevance of relative supplies of different nutrients has been demonstrated for P and N (e.g. Sylvia & 
Neal 1990, Johnson N.C. et al. 2003) by showing that root colonization by AMF was decreased only 
when both elements were available in sufficient concentrations for the plants. A model by Treseder & 
Allen (2002) suggests that, as long as a plant is limited by either P or N, it allocates C to the fungi and in 
turn is provided with the limiting nutrient; if both elements are sufficiently available for the plant without 
mycorrhiza, it stops C allocation, which in turn reduces fungal growth. 
 

Exactly this, reduction of root colonization following N fertilization at high P availability, was found in 
Steudnitz. In the first two experiments, along the soil N gradient and in the N fertilization experiment, 
mycorrhization rates of Artemisia vulgaris were significantly lower at N-rich than at N-poor plots 
(Chapter 4). In the third experiment, the factorial combination of fertilizer and fungicide addition, more 
plant species were examined, and N fertilization again lowered mycorrhization in A. vulgaris as well as in 
P. hieracioides and P. compressa, whereas B. japonicus was not affected (Chapter 5). This indicates that 
for all but one species the reason for being mycorrhizal is N deficiency. 
This hypothesis is supported by the fact that for all species but B. japonicus plant N concentrations 
and/or N:P ratios were higher at N-rich (naturally or fertilized) sites. Furthermore, root colonization rates 
by entire internal mycelium, arbuscules and vesicles were significantly negatively correlated to tissue N 
and N:P levels of A. vulgaris in the first two experiments (see also Chapter 4) and to N:P ratios of 
A. vulgaris, P. hieracioides and P. compressa in experiment 3 (see also Chapter 5). This demonstrates 
that with increasing N supply, mycorrhization rates decrease. 
In experiment 3, however, fertilizer effects on plant tissue nutrient levels were weaker than in 
experiment 2 and not consistent for N, N:P and plant organs in the three species affected; and 
correlations were also not consistent for plant organs and mycorrhizal features. Such fluctuations in 
fertilizer effects between the years may be due to climatic variations affecting the amount and rate of 
nitrogen released from the fertilizer pellets as well as water supply to plants. Although from March to 
June (the time between fertilizer application and plant harvest) precipitation was higher in 2004 than in 
2003 (Table I, Appendix), which should have lead to a better release of N out of the pellets, effects were 
less pronounced in 2004. Yet, this difference in precipitation between the years is only due to a much 
higher amount of rain in May, while all the other months actually were slightly drier in 2004 compared to 
2003. Intense rainfall over a short period may however wash away the released N superficially or leach it 
out. Therefore, fertilization might in fact have worked better in 2003. 
 

Having shown that the reason for high mycorrhization rates at the Steudnitz field site in spite of its huge 
soil P availability obviously is nitrogen deficiency, the question remaining was, whether AMF are actually 
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able to improve the N nutrition of plants. To answer this, a fungicide treatment was nested within the 
fertilizer treatment in experiment 3. 
The fungicide Benomyl successfully reduced mycorrhizal root colonization in four plant species (see 
Chapter 5). In agreement with the hypothesis that AM improve the N nutrition of plants in Steudnitz, this 
reduced N concentrations in A. vulgaris and P. hieracioides. In A. vulgaris mycorrhization rates 
additionally were significantly positively correlated to stem N concentrations across unfertilized plots 
either treated with the fungicide or not, indicating an improved N provision with increasing root 
colonization intensity by AMF. This suggests that AMF do indeed play a role in the nitrogen nutrition of 
plants in the field. 
In accordance with the missing answer of mycorrhization in B. japonicus to N fertilization, there were no 
main effects of the fungicide treatment on tissue N. This supports the idea that for this species factors 
other than N might be responsible for being mycorrhizal, like drought stress or improved resistance to 
pathogens (Newsham et al. 1995, Al-Karaki 1998), and it is as well consistent with the missing main 
effect of N fertilization on B. japonicus biomass over the years (Chapter  5). As mentioned in Chapter 2, 
plants in Steudnitz are exposed to considerable drought stress (and personal observation); however, 
manipulating this in a water addition experiment was methodologically not feasible. 
Of all tested species, P. compressa shows the most peculiar response to the reduction of mycorrhization 
intensity, by having higher plant N concentrations at fungicide-treated compared to control subplots. In 
this species, tissue N was negatively correlated to colonization rates across –N-B and –N+B subplots. 
That means that AM has a negative effect on the plant’s N status. 
 

If looking at mycorrhizal features, A. vulgaris and P. hieracioides exhibited a typical Arum-type 
mycorrhiza, whereas in P. compressa and B. japonicus the fungi formed an intermediate type (Smith & 
Smith 1997, Dickson 2004), with some intracellular hyphae and vesicles. Cavagnaro et al. (2003) 
assumed that in Paris-type mycorrhizas, hyphal coils lead to a greater fungal biomass and thus, exert a 
higher carbon cost on plants compared to the intercellular hyphae in Arum-types. However, as these coils 
were not formed in the intermediate types found here, and as A:I- or A:V ratios which are supposed to be 
a good indicator for benefit:cost-ratios (Johnson 1993, Dekkers & Van der Werff 2001; see above) are 
the same for all plant species (see Table III, Appendix), there is no reason to believe that the fungi in the 
grasses may be inferior mutualists. 
 

Instead, as already discussed in Chapter 5, species may have responded differently to the suppression 
of mycorrhizal colonization because they have different mycorrhizal dependencies. Similar to the above-
mentioned role of arbuscular mycorrhiza in structuring succession – according to the mycotrophy of 
colonizing plant species – the presence or absence of AMF also influences the competitive ability of 
coexisting species. That means that in the presence of the fungi, more dependent species will be 
superior competitors, whereas if none of the species can profit from being mycorrhizal, less or not 
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dependent species will be advantaged (see also Moora & Zobel 1996, Hartnett & Wilson 1999, Smith et 

al. 1999). 
Due to their more extensive root system (Baylis 1975, Newsham et al. 1995) the two Poaceae should be 
less responsive to – and thus, dependent on – the mycorrhiza compared to the Asteraceae. This also 
becomes apparent in the colonization intensity of the plants at untreated control plots (see also Wilson & 
Hartnett 1998), with A. vulgaris and P. hieracioides having higher mycorrhization intensities than 
P. compressa. Accordingly, the species’ concentration of nitrogen, which is a limiting factor in this study, 
is differently affected by the mycorrhiza: A. vulgaris and P. hieracioides are better competitors and their 
tissue N is increased when they are fully mycorrhizal; by contrast, P. compressa is a superior competitor 
and its tissue N is increased when AMF are suppressed. For B. japonicus on the other hand, N limitation 
does not seem to be the most important factor for being mycorrhizal. 
 

Maybe parallels to plant strategy types can be found as well, with P. compressa, the only S-strategist, 
being least dependent; however, no literature is available explicitly relating these strategy types to 
mycorrhizal dependency. Wilson & Hartnett (1998) found species adapted to disturbance (which 
corresponds to R-strategists like P. hieracioides and B. japonicus) to be facultative mycorrhizal and 
plants adapted to long-term nutrient competition (C-strategists, like A. vulgaris) to be more dependent on 
the fungi. This facultative dependency might here have led to high mycorrhization rates in the ruderal 
plant species – since inoculum was present, and they probably were exposed to stress; whereas the 
S-strategists P. compressa was less colonized. At the Steudnitz field site, competitors and competitive 
ruderals have increased during the regeneration process (Chapter 2), which according to these possible 
relations to mycotrophy and above mentioned role of mycorrhiza in succession (Allen & Allen 1984) might 
have been supported by AMF. 
 

As also already shortly discussed in Chapter 5, nutrient movements through mycorrhizal networks could 
as well have affected the nitrogen distribution between plant species. Thus, destroying these hyphal 
connections by fungicide addition would have changed distribution patterns. 
It has been discussed whether nutrients are transported from donor to receiver plants directly via hyphal 
connections (e.g. Francis et al. 1986) or whether they – via an indirect soil pathway – leak from roots of 
the donor plant and are subsequently taken up by the receiver plant which can be supported by AMF 
hyphae (e.g. Newman & Ritz 1986). Moreover, there is equivocal evidence about the significance of 
nutrient amounts transferred between plants (e.g. Francis et al. 1986, Frey & Schüepp 1992; for reviews 
also see e.g. Newman 1988, Simard et al. 2002, He et al. 2003, Simard & Durall 2004). Assuming that 
considerable net transfer via hyphal networks does occur, it was first supposed that nutrients only move 
along concentration gradients between plants (e.g. Newman 1988). Later, it was found that fungi may 
build up their own source-sink patterns influenced by differences in nutritional requirements (He et al. 
2003) or in mycorrhizal dependency of donor and receiver, where nutrient transfer is directed from a less 
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mycotrophic to a more mycotrophic species (van der Heijden 2002, Wilson et al. 2006). Furthermore, 
linkages between forbs and grasses have been shown to favour fitness of the former (Newman 1988, 
Leake et al. 2004 (following Grime et al. 1987)). 
According to these premises, a less dependent P. compressa could have lost nutrients over a well 
developed network to more dependent plants like A. vulgaris and P. hieracioides. Disintegration of hyphal 
linkages by fungicide addition would then have left more nutrients remaining for the grass, thus 
discriminating against the Asteraceae. Therefore, differences in competitive abilities due to different 
mycorrhizal dependencies may be reinforced by nutrient distribution via CMNs. 
Even if actual transfer of elements from one plant to another does not take place, mycorrhizal networks 
can influence the distribution of nutrients between plants connected to this system. According to the 
models of Bever (1999, see also Bever et al. 2002), in which positive and negative feedbacks between 
fungi and plants exist – thus, increasing or decreasing a species’ fitness in comparison to co-existing 
species – plants in a network might receive nutrients unequally from a shared fungus (Selosse et al. 
2006). Also in this case, fungicide addition would lead to changes in the nutrient partitioning patterns 
between plants, potentially altering the competitive balance between P. compressa and the two 
Asteraceae. 
 

Regarding other plant elements than nitrogen that were affected by the mycorrhiza, it is difficult to 
unravel, whether these were regulated independently or were just a function of improved N nutrition (also 
see Chapter 5). The improved uptake of a growth-limiting nutrient (in this case N) may provide a larger 
root surface area for nutrient uptake generally. Therefore it would be wrong, to generalise the role of AMF 
in uptake of all measured nutrients (Jakobsen et al. 2002). 
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7 General conclusions 
 
 
Studies performed at the phosphate-polluted Steudnitz field site have shown that, although 15 years of 
succession led to a diverse ruderal plant community, there still are constraining influences of abiotic or 
biotic filters. 
Regarding arbuscular mycorrhizal fungi (AMF), the residual disturbance is reflected by a reduced fungal 
diversity compared to reference field sites, suggesting that for this group abiotic filters might still be of 
greater importance than biotic filters, since the current plant diversity could easily support a higher AMF 
diversity. However, the fact that none of the AMF species were exclusive to Steudnitz and morphological 
features of the mycorrhiza (ratios of arbuscules to other fungal structures) indicate that there probably are 
no adapted fungal strains, which due to the long-term phosphate input could have been selected for 
inferior mutualistic abilities. 
Instead, plants are strongly mycorrhizal because of nitrogen deficiency, which is one of the strongest 
abiotic filters still remaining in Steudnitz. Furthermore, it has been demonstrated that arbuscular 
mycorrhiza is able to increase plant N concentrations in the field; however, not all species benefit from 
this mycorrhiza-mediated N uptake and accordingly, N distribution. Plant species responses may be 
related to their mycorrhizal dependency, with more dependent species having an advantage over less 
dependent species when fully mycorrhizal, and with the latter being superior competitors for nutrients 
when none of the species can benefit from the mycorrhiza. Additionally, nutrient transfer from less 
dependent to more dependent plants via common mycorrhizal networks could have contributed to these 
contrasting mycorrhizal effects. To investigate the relative importance of these different mechanisms for 
nutrient distribution in plant communities would be an interesting subject for future work. 
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Summary 
 
 
To gain insights into the mechanisms controlling ecosystem regeneration, a grassland that was heavily 
polluted by a phosphate fertilizer factory between 1960 and 1990 was investigated for 9 years within the 
scope of a Research Training Group. The focus of one of the projects – the present work – was 
examination of the arbuscular mycorrhizal symbiosis, which will be introduced in Chapter 1. 
Chapter 2 gives an introduction of the Steudnitz field site and reviews some previous or current projects 
including the investigation of soil parameters, impact of abiotic stress on microbes and plants, plant 
succession, recolonization mechanisms, functional group interactions, mycorrhizal diversity and function, 
and food web analysis. Abiotic and biotic filters potentially influencing species assembly and succession 
at the Steudnitz field site were assessed and possible restoration approaches shortly discussed; major 
findings were fitted into one conceptual model. The results indicate that after cessation of pollution the 
system had high potential for self-recovery, although it does not yet resemble to unpolluted but otherwise 
similar semi-natural reference sites in the region. 
The next three chapters are dealing with the implications of arbuscular mycorrhiza (AM) at this 
regenerating field site. 
In Chapter 3, results of molecular analyses of mycorrhizal spores and roots are shown. Phylogenetic 
analyses revealed 6 species of arbuscular mycorrhizal fungi (AMF) at the study site, of which only two 
were occurring as active mycorrhizas in roots, which points to a reduced diversity, whereas – since none 
of the detected strains was exclusive to the field site – probably no specialized fungi were present. 
However, it is noteworthy that plants were mycorrhizal at all, since AM mainly improves phosphorus 
nutrition, and high P concentrations, as encountered in Steudnitz, usually eliminate or at least reduce 
mycorrhization. Nevertheless, plants were strongly colonized by AMF. 
The main part of this work, which is presented in Chapters 4 and 5, was to find an explanation for this. 
First, soil and tissue element concentrations of Artemisia vulgaris plants and their mycorrhizal status 
were determined along a pollution-induced nitrogen gradient. It could be shown that root colonization 
intensity was negatively related to N concentrations in soil and plants, which indicates that N deficiency 
stimulated root colonization in this extraordinarily P-rich field site. Similar results from an N fertilization 
experiment in the N-poor area near the former factory – high N and weak mycorrhization at fertilized plots 
in contrast to low N and strong mycorrhization at control plots – further supported this hypothesis. 
Finally, it remained to be shown whether AMF actually improve the nitrogen nutrition of their host plants. 
Therefore, a two-factorial experiment including N fertilization and fungicide treatment was carried out to 
assess the effects of N supply on root colonization intensity and – vice versa – fungal effects on plant 
tissue nutrient levels. In this study A. vulgaris was included along with Picris hieracioides (also 
Asteraceae), Poa compressa and Bromus japonicus (both Poaceae). N fertilization lowered 
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mycorrhization in A. vulgaris, P. hieracioides and P. compressa, but not in B. japonicus. Fungicide 
treatment, which reduced root colonization in all species, resulted in lower N concentrations in the two 
Asteraceae, but higher N level in P. compressa, whereas there was no consistent effect on the nutrient 
status of B. japonicus. This shows that apparently, AM is able to improve plant N nutrition; however, not 
all species benefit from this mycorrhiza-mediated uptake and accordingly, distribution of N. These results 
are discussed with regard to nutrient competition and a potential transfer of nutrients between plants via 
mycorrhizal networks, where species which are more dependent on the mycorrhiza presumably are 
promoted in the presence of mycorrhizal fungi, whereas less dependent species are favoured in their 
absence. 
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Zusammenfassung 
 
 
Um Mechanismen, die bei der Regeneration von Ökosystemen eine wichtige Rolle spielen können, zu 
verstehen, wurde im Rahmen eines Graduiertenkollegs 9 Jahre lang ein Grasland untersucht, das von 
1960 bis 1990 stark durch Phosphat-Düngemittelproduktion belastet worden ist. Im Mittelpunkt eines der 
Projekte – der vorliegenden Arbeit – stand die arbuskuläre Mykorhiza (AM); diese Symbiose wird in 
Kapitel 1 genauer vorgestellt. 
In Kapitel 2 folgt eine Einführung in das Untersuchungsgebiet Steudnitz. Weiterhin wird ein Überblick 
über bereits abgeschlossene oder noch laufenden Projekte gegeben, wie Bodenanalysen, die 
Untersuchung des Einflusses von abiotischem Stress auf Mikroorganismen und Pflanzen, 
Pflanzensukzession, Wiederbesiedlungsmechanismen, Interaktionen zwischen funktionellen Gruppen, 
Diversität und Funktion von Mykorrhizapilzen und Untersuchungen der Nahrungskette. Aufgrund dieser 
Ergebnisse konnten abiotische und biotische Filter festgesetzt werden, die die Etablierung von Arten und 
somit die Sukzession in Steudnitz beeinflussen. Diese Erkenntnisse wurden in einem konzeptionellen 
Modell zusammengefaßt, mit dessen Hilfe kurz mögliche Restaurationsansätze für das 
Untersuchungsgebiet diskutiert werden. Es konnte gezeigt werden, daß das Ökosystem nach Schließung 
der Düngemittelfabrik zu einer raschen Regeneration in der Lage war, daß es jedoch noch wenig 
Ähnlichkeit zu vergleichbaren, unbelasteten Gebieten in der Region zeigt. 
Die folgenden drei Kapitel beschäftigen sich mit der Rolle der arbuskulären Mykorrhiza bei der 
Regeneration des Untersuchungsgebiets Steudnitz. 
In Kapitel 3 werden die Ergebnisse von molekularbiologischen Analysen an Pilzsporen und 
mykorrhizalen Pflanzenwurzeln vorgestellt. Durch phylogenetische Analysen konnten insgesamt 6 AM-
Arten gefunden werden, von denen aber nur zwei als aktive Mykorrhizen in Wurzeln nachgewiesen 
wurden, was auf eine reduzierte Diversität schließen läßt. Es wurden jedoch keine Arten gefunden, die 
ausschließlich unter den gestörten Bedingungen im Untersuchungsgebiet auftraten, und die daher 
möglicherweise spezialisiert waren. 
Da die AM hauptsächlich die Phosphatversorgung ihrer Wirtspflanzen fördert und hohe P-Werte im 
Boden üblicherweise die Mykorrhizierung von Wurzeln unnötig machen oder zumindest deutlich 
reduzieren, war es erstaunlich, daß Pflanzen in Steudnitz überhaupt und zudem sehr stark mykorrhiziert 
waren. 
Der Hauptteil dieser Arbeit, der in den Kapiteln 4 und 5 beschrieben wird, bestand daher darin, eine 
Erklärung für diese Tatsache zu finden. 
Zunächst wurden Boden- und Pflanzen-Elementkonzentrationen sowie die Mykorrhizierungsintensität 
von Artemisia vulgaris entlang eines belastungsbedingten Stickstoffgradienten bestimmt. Dadurch konnte 
gezeigt werden, daß mit steigendem Boden- und Pflanzen-N-Gehalt die Wurzelbesiedlung durch die AM-



Zusammenfassung 

 82 

Pilze abnahm. Das führte zu der Annahme, daß Pflanzen an diesem stark P-haltigem Standort aufgrund 
N-Limitierung mykorrhizert sind. Ähnliche Ergebnisse, die durch ein Stickstoff-Düngeexperiment in dem 
N-armen Gebiet in direkter Nähe zur ehemaligen Fabrik gewonnen wurden – hohe N-Werte und geringe 
Mykorrhizierungsraten auf gedüngten Flächen im Gegensatz zu niedrigen N-Werten und hohen 
Mykorrhizierungsraten auf Kontrollflächen – unterstützen diese Hypothese. 
Blieb die Frage, ob AM-Pilze tatsächlich in der Lage sind, die Stickstoffernährung ihrer Wirtspflanzen zu 
verbessern. Um das zu beantworten, d.h. um den Einfluß von N-Verfügbarkeit auf die Mykorrhizierung 
von Pflanzen und umgekehrt Mykorrhiza-Effekte auf Pflanzen-Elementkonzentrationen zu prüfen, wurde 
ein zweifaktorielles Experiment durchgeführt, in dem Flächen mit N-Dünger und/ oder Fungizid behandelt 
wurden. In dieser Studie wurde wieder A. vulgaris sowie Picris hieracioides (eine weitere Asteraceae), 
Poa compressa and Bromus japonicus (beides Poaceae) untersucht. Die N-Düngung senkte die 
Wurzelbesiedlung in A. vulgaris, P. hieracioides and P. compressa, jedoch nicht in B. japonicus. Die 
Fungizidbehandlung, die die Mykorrhizierung in allen Pflanzenarten herabsetzte, senkte die 
N-Konzentrationen in den zwei Asteraceen, erhöhte jedoch die N-Konzentration in P. compressa; der 
Nährstoffgehalt in B. japonicus wurde dagegen nicht eindeutig beeinflußt. Das zeigt, daß die arbuskuläre 
Mykorrhiza offensichtlich in der Lage ist, die Stickstoffversorgung von Pflanzen zu verbessern, daß aber 
nicht alle Arten von einer N-Aufnahme und damit N-Verteilung über die Pilze profitieren. Diese 
Ergebnisse werden im Hinblick auf Konkurrenz um Nährstoffe und einen möglichen Nährstoffaustausch 
zwischen Pflanzen über mykorrhizale Netzwerke diskutiert. Dabei sollten Pflanzenarten, die stärker von 
der Mykorrhiza abhängig sind, einen Vorteil haben, wenn AM-Pilze im Boden vorhanden sind, wogegen 
weniger abhängige Arten gefördert werden sollten, wenn keine oder nur wenige Pilze vorkommen. 
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Appendix 
 

 
Table I: Monthly air temperature (in 5 cm), annual means (∅) and means from March to June; and monthly 
precipitation, annual amounts (∑) and amounts from March to June. Data provided by the Thüringer Landesanstalt 
für Landwirtschaft (TLL), Weather station Dornburg. 

2002  2003  2004  weather data 
air temp. 
   (°C) 
 

precipitation 
   (mm) 

air temp. 
   (°C) 

precipitation 
   (mm) 

air temp. 
   (°C) 

precipitation 
   (mm) 

January 3.1 23.0 2.2 27.2 1.5 34.6 
February 5.4 39.9 -0.5 4.3 4.2 25.4 

March 6.4 35.1 6.4 22.7 5.8 15.0 
April 9.4 30.3 10.0 38.9 10.5 29.0 
May 17.0 62.3 16.9 41.1 14.7 102.6 

June 21.0 82.3 22.5 47.8 18.9 46.1 
July 20.9 57.4 21.9 77.6 19.8 117.6 

August 21.4 106.9 22.8 25.8 19.5 44.5 
September 14.7 50.5 14.9 74.6 14.7 40.4 

October 9.5 68.2 7.1 36.4 10.4 11.3 
November 6.5 101.4 6 30.2 5.0 64.1 
December 0.8 52.5 2.2 24.1 1.7 15.6 

annual ∅/∑ 11.3 709.8 11.0 450.7 10.6 546.2 

∅/∑ March to 
June 

13.5 210.0 14.0 150.5 12.5 192.7 
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Table II: Host plants analyzed for colonization by arbuscular mycorrhizal fungi (AMF) and results based on 
sequence data of the fungal ITS region or microscopical survey of mycorrhization intensity. Absence or presence of 
AMF species in roots and mycorrhizal colonization (in % of root length colonized; determined according to Ambler & 
Young 1977, modified after Schmitz et al. 1991) are shown. Standard deviations are given if more than 3 plants 
(n = number of plant root systems) were sampled (n.d. = not determined). 

AMF species based on sequence 
data of plant roots 

AMF colonization intensity of plant roots 

Glomus intraradices n total AM arbuscules vesicles 

Plant species 

Glomus sp. 
'Steudnitz' Type A Type B     

Apiaceae: 
Torilis japonica (Houtt.) DC. 

 
+ 

 
- 

 
- 

 
2 

 
28 

 
2 

 
7 

Asteraceae: 
Artemisia vulgaris L. 
Cirsium vulgare (Savi) Ten. 
Inula conyzae (Griess.) Meikle 
Lactuca serriola L. 
Picris hieracioides L. 
Senecio vernalis Waldst. & Kit. 
Tragopogon pratensis L. 

 
+ 
- 
+ 
- 
+ 
- 
+ 

 
- 
- 
- 
- 
- 
- 
+ 

 
- 
- 
- 
- 
- 
- 
- 

 
8 
1 
 

2 
4 
1 
 

 
41 ± 2.4 

75 
 

58 
69 ± 20 

27 
 

 
10 ± 10 

69 
n.d. 
21 

20 ± 22 
25 

n.d. 

 
36 ± 25 

11 
 

58 
62 ± 20 

2 
 

Caryophyllaceae: 
Cerastium glutinosum Fr. 

 
- 

 
- 

 
+ 

 
1 

 
0 

 
0 

 
0 

Chenopodiaceae: 
Atriplex sagittata Borkh. 

 
+ 

 
- 

 
- 

 
5 

 
24 ± 17 

 
3 ± 4.4 

 
22 ± 16 

Fabaceae: 
Vicia hirsuta (L.) Gray 
Vicia sativa L. s. l. 
Vicia tetrasperma (L.) Schreb. 

 
+ 
+ 
+ 

 
+ 
+ 
- 

 
- 
- 
- 

 
 

1 
 

 
 

15 

 
n.d. 

1 
n.d. 

 
 

13 

Onagraceae: 
Epilobium ciliatum Raf. 

 
+ 

 
- 

 
- 

   
n.d. 

 

Poaceae: 
Arrhenatherum elatius (L.) P. 
   Beauv. ex J. Presl & C. Presl 
Elymus repens (L.) Gould 
Festuca rupicola Heuff. 
Poa pratensis L. s. l. 
Puccinellia distans (Jacq.) Parl. 

 
+ 
 

+ 
+ 
+ 
+ 

 
+ 
 
- 
- 
- 
- 

 
- 
 
- 
- 
- 
- 

 
2 
 

20 
 
 

6 

 
33 

 
24 ± 11 

 
 

18 ± 6.9 

 
18 

 
16 ± 13 

n.d. 
n.d. 

1 ± 0.8 

 
17 

 
8 ± 6.9 

 
 

13 ± 7 

Ranunculaceae: 
Clematis vitalba L. 

 
+ 

 
- 

 
- 

   
n.d. 

 

Rubiaceae: 
Galium aparine L. 

 
+ 

 
+ 

 
- 

   
n.d. 

 

 
Contradictory results from molecular and microscopic analyses, i.e. absence of AMF sequences but presence of 
structures under the microscope (some species of the Asteraceae) might be due to problems with the PCR-reaction, 
e.g. inhibiting influences of plant metabolites. Vice versa, molecular detection of AMF in cases where no mycorrhizal 
structures were observed under the microscope (C. glutinosum) might originate from external mycelium or spores 
attached to actually uncolonized roots 
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Fig. I 

 
 
 
 
 

 
 
Fig. II 

 
 
Fig. I: Phylogenetic tree of Glomus sp. 'Steudnitz' based on full-length ITS rDNA sequences. Distance analysis was 
performed with the neighbour joining method, bootstrap values (>50%) were determined for 1000 resamplings. 
Sequences in bold type were obtained from roots of the Steudnitz field site or from roots of Zea mays inoculated with 
mycorrhizal roots from the site. If more than one specimen of a plant species was considered, different plant root 
systems are indicated by numbers. [1] Reference sequences from a calcareous forest in the central Saale Valley, 10 
km north of Jena; [3] Reference sequence from an extensively farmed meadow in the Thüringer Schiefergebirge 
(near Grumbach). Glomus intraradices was used as outgroup. 
 
Fig. II: Phylogenetic tree of Glomus intraradices based on full-length ITS rDNA sequences. Distance analysis was 
performed with the neighbour joining method, bootstrap values (>50%) were determined for 1000 resamplings. 
Sequences in bold type were obtained from Steudnitz; green: sequences from roots of the field site or from roots of 
Zea mays inoculated with mycorrhizal roots from the site; other colours: sequences from spores (clones from the 
same spore are marked by the same colour). [c] Material taken from reference cultures (BEG 140), [g] Reference 
sequences from GenBank. Sequences of Glomus sp. 'Steudnitz' were used as outgroup. 
Sequences which were only found on roots are referred to as Glomus intraradices Type A. Sequences which were, 
with one exception, only detected with spores are referred to as Glomus intraradices Type B (also see Fig. 6). 
The exception in Cerastium glutinosum might well be explained by mycorrhizal spores attached to the root – 
particularly as no fungal structures were observed in roots. 
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Fig. III 

 

 
 
 
 
Fig. IV 

 
 
Fig. III: Phylogenetic tree of Glomus sp. 'Bad Sachsa' based on full-length ITS rDNA sequences. Distance analysis 
was performed with the neighbour joining method, bootstrap values (>50%) were determined for 1000 resamplings. 
Sequences in bold type were obtained from spores of the Steudnitz field site and refer to clones from different single 
spores; sequences from the same spore are marked by the same colour. [3] Reference sequence from an 
extensively farmed mountain meadow in the Thüringer Schiefergebirge (near Grumbach), [g] Reference sequences 
from GenBank. Sequences of Glomus coronatum and Glomus mosseae were used as outgroup. 
 
Fig. IV: Unrooted phylogenetic tree of Glomus versiforme based on full-length ITS rDNA sequences. Distance 
analysis was performed with the neighbour joining method, bootstrap values (>50%) were determined for 1000 
resamplings. Sequences in bold type were obtained from spores of the Steudnitz field site; clones from the same 
spore are marked by the same colour. Reference sequences were obtained from roots of [2] an intensively farmed 
meadow in the Thüringer Schiefergebirge (near Schlegel) and [4] a fresh meadow in the Thüringer Schiefergebirge 
(near Friedmannsdorf) or from [g] GenBank. 
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Table III: Ratios of root colonization by arbuscules to entire internal mycorrhization (A:I-ratios) and arbuscular to 
vesicular colonization (A:V-ratios) for Artemisia vulgaris in experiments 1 and 2 and for A. vulgaris, Picris 
hieracioides, Poa compressa and Bromus japonicus in experiment 3. Means (n = 8 for exp. 1 and n = 6 for exp. 2 
and 3) and standard deviations (SD) shown. To compare data across plots, F-values from one-way ANOVA are 
given for experiment 1 (superscript letters show significant differences among plots); for experiment 2 t-values from 
paired samples t-tests are shown; for experiment 3 ANOVA F-statistics following LMEs were used to test for 
significances of model terms, which are given as follows: n = N fertilization factor, b = Benomyl application factor, 
n:b = interaction factor. To test for differences between A:I or A:V ratios among the four plant species of 
experiment 3 χ2 values from exact Friedmann tests are given for –N-B and +N-B subplots. +N = N-fertilized plots, 
-N = unfertilized plots, +B = fungicide (Benomyl) treated subplots, -B = untreated subplots. Asterisks indicate 
significance levels of * P < 0.05, ** P < 0.01, *** P < 0.001. 

A:I & A:V-ratios         

experiment 1  plot 1 plot 2 plot 3  F =   

A. vulgaris A:I mean 0.75 a 0.78 a 0.66 a  1.0   
  ± SD ± 0.12 ± 0.14 ± 0.16     

 A:V mean 1.62 a 1.24 a 5.74 b  67.0 ***   
  ± SD ± 0.73 ± 0.29 ± 0.82     

experiment 2  -N  +N  t =   

A. vulgaris A:I mean 0.64  0.59  0.6   
  ± SD ± 0.11  ± 0.16     

 A:V mean 1.33  2.64  -2.9 *   
  ± SD ± 0.20  ± 1.04     

experiment 3  -N-B -N+B +N-B +N+B n; F = b; F = n:b; F= 

A. vulgaris A:I mean 0.86 0.42 0.84 0.51 0.5 69.5 *** 1.5 
  ± SD ± 0.05 ± 0.11 ± 0.06 ± 0.19    

 A:V mean 2.77 2.73 3.58 2.66 0.6 0.3 0.3 
  ± SD ± 1.51 ± 1.28 ± 2.01 ± 2.08    

P. hieracioides A:I mean 0.84 0.44 0.81 0.53 0.5 53.3 *** 1.8 
  ± SD ± 0.09 ± 0.12 ± 0.14 ± 0.17    

 A:V mean 1.53 1.73 2.17 1.42 0.3 0.8 2.4 
  ± SD ± 0.21 ± 1.32 ± 0.74 ± 0.82    

P. compressa A:I mean 0.78 0.46 0.69 0.52 0.04 10.4 ** 0.8 
  ± SD ± 0.12 ± 0.25 ± 0.18 ± 0.23    

 A:V mean 2.99 4.26 3.88 3.35 0.005 0.3 2.5 
  ± SD ± 1.09 ± 1.79 ± 2.36 ± 1.55    

B. japonicus A:I mean 0.94 0.72 0.88 0.69 1.1 16.1 ** 0.1 
  ± SD ± 0.05 ± 0.12 ± 0.09 ± 0.19    

 A:V mean 3.65 3.15 6.32 4.01 1.5 1.3 0.9 
  ± SD ± 2.87 ± 1.42 ± 5.15 ± 2.94    

 A:I χ2 = 5.1  6.2     

 A:V χ2 = 6.6  3.4     
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