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General discussion and synthesis 

 

 

 

 

 

 

One of the ultimate challenges in the upcoming century is to increase arable 

productivity, while diminishing the ecological footprint (such as massive nutrient 

outputs and conversion of natural areas) that has unfortunately been 

synonymous with agriculture (Tilman et al., 2001; Godfray et al., 2010). A fruitful 

yet underexplored approach to meet this challenge is by making smarter use of 

the ecological processes that have accommodated global productivity for millons 

of years (Den Herder et al., 2010). The arbuscular mycorrhizal symbiosis, which 

originated approximately 450 myr ago (Redecker et al., 2000a) and facilitated 

land colonization by plants (Humphreys et al., 2010), is one such process. 

Mycorrhizal fungi are intricately associated with plants as obligate symbionts 

(Smith & Read, 2008), and they perform important ecosystem services (Wilson et 

al., 2009; van der Heijden, 2010).  

 

Even though Genetically Modified Plants hold great potential for increasing 

agricultural productivity (Vasil, 2003; Jones, 2011), given our dependence on soil 

ecological processes, adoption of this technology should not come at a cost of 

soil functioning. The goal of this thesis has been to provide knowledge that is 

required to explore these risks and potential chances. Specifically, we have 

studied the distribution of AM fungi across agricultural fields and how this is 

affected by agricultural practices, including an experiment with two GM-maize 

varieties. Also, we have explored how such change relates to AM fungal 

functioning, theoretically and empirically. 
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AM fungal distribution 

It has previously been shown that AM fungi are sensitive to agronomic practices 

such as tillage, fertilization and pesticides, which is reflected by altered 

community compositions as a result of these practices (Toljander et al., 2008; 

Oehl et al., 2010). Therefore, it was hypothesized that we would find AM fungal 

community differences across agricultural fields depending on current and 

historical management. However, previous research had only studied a limited 

number of fields, which had been insufficient to draw general conclusions of 

how communities respond. Moreover, in order to estimate the significance of 

community variation, we must know how it compares to unmanaged 

ecosystems. This we have done for organic and conventionally managed 

agricultural fields by comparing them to semi-natural grasslands (Chapter 3). We 

found arbuscular mycorrhizal fungi in all 51 fields sampled, and in nearly all 

sampled roots, which confirms they are indeed an active part of agricultural and 

natural ecological systems. However, diversity and abundance varied greatly 

between fields. For instance, in some fields followed through time, there was 

hardly any root colonization, and molecular detection was not always possible. 

 

We found that AM fungal species diversity decreased with management 

intensity, and communities from organically managed fields resembled semi-

natural grasslands more than those from conventionally managed fields did. 

However, in both organically and conventionally managed fields, there were 

sites with low and with high AM fungal diversity. We found indications that 

specific management practices such as specific crop rotations have strong effects 

on AM fungal communities in both systems. Another important finding of this 

research has been the insight into the timescale for AM fungal communities to 

recover from “adverse” conditions: Organically managed fields on sandy soil 

appear to harbour richer communities when having been converted from 

conventional management longer ago, and these start to resemble richness of 

grasslands after about fourteen years. This timeframe is important to consider: if 

reduced species richness is considered adverse, it should be kept in mind that 

the recovery-time might be in the order of a decade. 
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Knowing the general distribution of AM fungal taxa across agricultural fields has 

permitted us to ask more specific questions regarding their distribution. For 

instance, can we predict which taxa are lost with increasing “stress” imposed by 

intensive agriculture? And can this be generalized into a “telltale” or 

“fingerprint” of a stress response? There are two ways by which stress can affect 

a community: by affecting some members and not others (or differently), or by 

affecting all equally. Each of these scenarios will have a different effect on what 

the eventual community will look like, but may also have functional implications, 

as discussed in Chapter 2. Some AM fungal functional attributes, e.g. conferring 

of pathogen resistance to the plants or P uptake (Maherali & Klironomos, 2007; 

Powell et al., 2009), are to some extent phylogenetically conserved. If responses 

of these species are clustered similarly, the chances of functional loss will be 

either much higher - when a functional phylogenetic unit is stronger affected by 

stress - or lower – if this is not the case- than when there is no relationship 

between stress and specific species loss (see e.g. Lavorel & Garnier (2002) for a 

thorough discussion of this concept). 

 

The goal of Chapter 4 has been twofold: 1) to answer the question whether 

some species are “intrinsically” more sensitive to intensive agriculture than 

others, and 2) to explore which other attributes of communities are “telltales” of 

stress, as to potentially serve as “early warning signals”. We found there are no 

real indicator species, which means that we cannot generalize which species are 

more sensitive to agricultural stress, and knowing their specific functioning, 

which functions are likely to disappear. However, there was some degree of 

predictability in community compositions: results indicated that the rarest 

species had the highest chance to be lost when species richness was reduced. 

We found that a decrease in species richness was associated with a more-than-

proportional increase of abundant taxa. It appeared that decreases in diversity 

were strongly associated with a decrease in AM fungal abundances, as estimated 

from root colonization. This may provide a mechanism by which communities 

decrease in species richness, where only the common species remain after 

community bottlenecks imposed by environmental circumstances. 
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An example of the association between the environment - AM fungal abundance 

- and species richness is shown in Figure 1. Soil available P, root colonization, and 

species richness were found to be highly interrelated. Likely, soil available P 

reduces AM fungal root colonization as has often been shown (Covacevich et al., 

2007; Johnson, 2010), which is likely to be a physiological response of plants as a 

result of reduced dependence on AM fungi for P nutrition. Then, the resulting 

reduction of AM fungal abundance is associated with a reduction in AM fungal 

species richness, as shown on the right hand side of Figure 1. 

 
Figure 1: Relationship between root colonization and soil P fertility on the left, and AM fungal taxa 

richness in roots on the right. All are strongly interrelated, whereas higher soil P availability relates to 

reduced root colonization. Reduced root colonization is strongly related to reduced AM fungal 

richness. Data to produce this figure is described in Chapter 3 and Chapter 4 (root colonization and 

AM fungal richness are averaged over July and September sampling 2007, data include 26 maize 

fields and 4 semi – natural grasslands; as from 1 grassland soil nutrient concentrations are not 

available).  

 

Ecological functioning 

In chapter 5 we reported that AM fungi make a high contribution to total fungal 

abundance and activity of the agricultural soil tested: at plant maturity, they 

contributed to an estimated 8% of fungal abundance and even 30% of estimated 

fungal activity. This indicates that they are a numerically important biotic 

component of this soil, and potentially in many agricultural soils. An important 

question that needs to be addressed is how AM fungal abundance and diversity 

relate to functioning. As outlined in chapter 2, for instance, diversity of AM fungi 

has been found to relate to increased plant nutrition (e.g. Van der Heijden et al., 

1998; Koide, 2000; Smith et al., 2000; Maherali & Klironomos, 2007; Wagg et al., 
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2011a). Therefore, along a gradient of AM fungal species loss we find in 

agricultural fields, there may be functional consequences. In Chapter 6 we have 

focused on three functions related to AM fungi: plant biomass production, 

development of soil mycelium (which has been argued to tightly correlate with 

soil stability; Wilson et al., 2009) and P leaching from soil. 

 

This has yielded the following new insights: AM fungal abundance was negatively 

correlated with plant growth, and this effect was strongest in soils derived from 

organically managed systems. There is a strong indication that this effect was 

related to AM fungal proliferation, as plant biomass was also reduced in a 

control including only either one species of AM fungi or none with the same 

background community of other soil microorganisms. This specific AM fungal 

isolate has, however, been found to have consistent positive effects on various 

plants in previous tests. So, we cannot conclude that AM fungi from the tested 

agricultural fields reduce plant biomass production in general. However, under 

our conditions this was observed, and this effect may also occur in agricultural 

fields. 

 

The reduction in plant biomass was accompanied by a significant effect of 

organic management on AM fungal mycelial density: AM fungi grew denser, 

leading to almost a doubling in mycelium density in organic soil. Higher AM 

fungal development was associated with lower phosphorus leaching after a 

simulated raining (a reduction of phosphorus leaching in response to AM fungi 

was previously found by Van der Heijden, 2010), although there was strong 

variation among soil communities within management systems. Then, how do 

these differences relate to AM fungal community composition? All measured 

variables - plant growth, mycelium development and reduced phosphorus 

leaching - were associated with abundance of specific AM fungal taxa, indicating 

these taxa may have different functional properties.  



Chapter 7

 

132 

 

 
Figure 2: Evidence for potential functional significance of increased AM fungal diversity. The figure 

represents two functional attributes of AM fungi and other soil organisms. The upper is the AM fungal 

density in soils, and the lower represents the leaching of phosphate after a raining treatment (as in 

Chapter 2). When pots growing maize are inoculated with microbial communities from three 

conventionally managed fields, the combined hyphal density and leached P phosphate tend to be 

higher and lower, respectively, than with either community singly. 

 

These results suggest that variation in AM fungal communities have an influence 

on soil functional properties, and some of these properties are related to 

farming practices such as organic or conventional farming. An illustration of how 

some AM fungal functions may be related to community composition is shown in 

Figure 2. Here, the three communities derived from conventionally managed 

fields examined in chapter 6 were combined in an additional treatment, which 

was inoculated with 1/3 of the inoculum added in each of the other treatments. 

This was done in an effort to mimic the effect of an increase in diversity, 

assuming that each of the separate communities differ at least slightly in their 
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functional attributes. This combined treatment tended to contain a higher AM 

fungal density than either soil alone, and there was a trend towards lower P 

leaching than either soil alone. Therefore, there seems to be potential to 

increase soil functioning by increasing AM fungal diversity, and likewise, species 

reduction may significantly reduce functioning. 

 

GM risk analysis 

An important goal of this research has been to assess distribution of AM fungal 

taxa in order to know which attributes of communities are indicative of severe 

disturbance, and can thereby serve as a measure of stress in ecological risk 

assessment. As described in the previous paragraphs, changes in AM fungal 

communities can have a profound effect on soil properties, and should therefore 

be monitored. One aspect of AM fungal communities that was found to be 

strongly associated with stress and reduced species richness is their dominance 

structure; especially the locally most abundant taxa were relatively 

overrepresented (see Chapter 4). Monitoring of GM crop effects on non-target 

organisms might therefore incorporate this measure of community change as a 

potentially informative measure of ecological stress, next to altered abundance 

and changes in species richness. 

 

Another important issue we have addressed is which level of changes in AM 

fungal communities should be considered acceptable versus unacceptable. This 

has been done by studying “normal” distribution of AM fungi under non-GMO 

crops. Some AM fungi appeared to occur very widely (>80% of fields). If these 

common AM fungi would disappear as a result of GM crops, it could be 

considered an adverse effect because the resulting AM fungal community is at 

the fringes of the normal range of agricultural systems. However, the detection 

threshold of such an analysis would probably not be stringent enough, as also 

less “severe” effects may already have an effect on ecosystem functions. This 

complicates the evaluation of risk. How can we operationalize the assessment of 

adverse GM effects on AM fungal communities? There is not one clear-cut 

answer to this problem. From a regulatory point of view, for instance, it will be 

hard to maintain the argumentation that effects that cause a strong reduction of 

AM fungal abundance are intolerable: e.g. cropping of non-mycorrhizal plants 
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and long fallows also cause a strong reduction in AM fungal abundance (Chapter 

2; (Karasawa et al., 2002; Douds et al., 2011; Poomipan et al., 2011), but we 

don't argue that non-mycorrhizal crops should not be used. 

  

In the following section I will explore three scenarios that could be considered. 

 

Scenario 1) GM crops should not significantly change AM fungal communities 

outside the range of community variation found among agricultural fields not 

cropping GM crops. 

In this thesis I show that considerable variation exists in AM fungal abundance 

and community structure, ranging from nearly non-existent, to very rich 

communities. Therefore, using this scenario as a guideline would hardly require a 

risk assessment, as even disappearance of nearly all AM fungi would fall within 

the range found under current agricultural practices. Little assessment would be 

required: one needs only assess whether AM fungi are able to colonize a GM 

variety (if the parental variety is mycorrhizal as well). If not, AM fungal 

abundance levels might drop to the low reaches of those under normal 

agricultural practices, but would not be outside the natural range. However, this 

can still be expected to potentially have important negative consequences for 

ecological functioning, such as plant nutrition (Arihara & Karasawa, 2000). 

 

Scenario 2) GM crops should not induce changes in AM fungal communities 

outside the range of AM fungal community variation within an agricultural field.  

This scenario is more stringent than the former. An example of this approach is 

our assessment of the effect of GM crops in Chapter 5, where we compared GM 

– induced AM fungal community variation to temporal variation over a three 

year period in the field. If no changes are found, risk is small as no GM-induced 

“community state” is new to the field. Therefore, it is unlikely that planting of 

GM-crops will cause radically altered AM fungal functioning. Still, there is some 

uncertainty: even though a community would be “normal” under a potato field 

in late-spring, but would be found in a GM-maize field in autumn, this alteration 

may have functional consequences. However, irreversible changes are 

considered unlikely. 
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Scenario 3) GM crops should not associate with a different AM fungal community 

or at lower abundances than non-GM  varieties. 

This is the most stringent scenario of the three proposed here. This scenario is 

analogous to a comparison of AM fungal communities of the GM varieties to 

their non-GM parental varieties such as we have done in chapter 5. Under this 

scenario, any significant change is considered adverse, because it is a change 

that does not occur with the non-GM variety. This approach is the safest, 

because it determines whether GM varieties associate with the same AM fungal 

communities. If so, it is unlikely that GM-plants will alter (future) functioning of 

resident AM fungal communities. One problem is that this approach could be 

considered too restrictive: a small deviation imposed by a GM plant, even 

though measurable, may not have a strong influence on AM fungal functioning 

or persistence. Given the large effects common agricultural practices are 

imposing on AM fungal communities, some changes may not be relevant against 

a background of much larger disturbances (many of which are described within 

the chapters of this thesis; 2,3,4,5). 

 

Each of these three scenarios is incorporated in the conceptual Figure 3. There, 

GM – related variation is plotted along with cultivar related variation, field – 

variation, and variation among fields, respectively. Which of these would be the 

most suitable for risk assessment of GM crops? Given the strengths and 

weaknesses of each approach, ranging from rigorous but stringent to realistic 

but potentially lax, scenario two appears most viable. Without ignoring the 

strong pressures AM fungi are already confronted with in agricultural systems, a 

strong change would not go by unnoticed and measures could be taken. This 

assessment, however, will only address whether changes imposed by GM crops 

are undesirable, from a precautionary point of view, given the limitations of 

current knowledge of AM fungal communities and the functions they perform. 

Thus, it could serve as advice to farmers whether or not there is a risk of 

diminishing quality of their soils. From a legislative point of view, such risk may 

not be regarded as unacceptable: many common agricultural practices may hold 

similar risks. 
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Figure 3: Conceptual approach of scaling the effect of GM crops against normal natural community 

variation. Bars depict mean similarity (± SD; when available) of T-RFLP based AM fungal 

communities, “GM” shows AM fungal communities associated with GM versus non-GM, “Cultivar” 

shows cultivar K vs. cultivar M (see chapter 5; for both these comparisons the other variable is 

controlled for; so for “GM” only within-cultivar comparisons are presented, and for “cultivar” GM are 

compared to GM and non-GM to non-GM), “Field” shows seasonal variation in AM fungal communities 

at one field site obtained during five field sampling events over three years, and “15 fields” shows 

similarity of maize root communities across 15 different agricultural fields sampled in September 2007 

(data from Verbruggen et al., 2010). Note that “GM” and “Cultivar” are comparisons of averages of soil 

samples of three replicate plants (to accommodate comparison to pooled samples) and “season” and 

“15 fields” are pooled root samples of six plants. Three to four months- old maize roots were collected 

for “GM”, “Cultivar” and “15 fields” while maize roots for season had variable age (from 2 to 4 months). 

 

Concluding remarks 

The motivation for the research presented here has been to increase our 

knowledge on AM fungi in agricultural systems to enable risk assessment of GM 

crops. I have tried to incorporate this in a wider approach, by exploring AM 

fungal diversity, distribution, and potential contribution to agricultural 

sustainability. I hope to have provided insight that will, instead of merely 

assessing whether AM fungi in response to certain GM crops might fall outside a 

natural background variation, contribute to exploring how GM technology or 
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other agricultural advances, may even increase sustainability (Beringer, 2000). 

Ways in which transgenic crops may positively affect AM fungi or other 

beneficial organisms are for instance: reduction of fungicide use when fungal-

pathogen resistant crops are grown, and increased viability of reduced tillage 

(which may e.g. benefit AM fungal functioning; see Chapter 2) in case of 

herbicide-resistant crops. Future AM fungi - related applications may include 

reversing loss of mycorrhiza- related genes that have been lost during the crop-

breeding process (Sawers et al., 2008), or even stimulation of functionality of the 

symbiosis (Galvan et al., 2011). Whether any of these expectations are realized 

must rigorously be assessed: in case of herbicide-resistant crops, for instance, 

there may be adverse effects on AM fungi by eradicating (mycorrhizal) non-

herbicide resistant weeds (Watrud et al., 2011). This will require a system’s 

approach, that should incorporate many more beneficial soil organisms, such as 

decomposers (Hattenschwiler et al., 2005) and pathogen suppressors (Mendes 

et al., 2011). I hope the research presented in this thesis will be a small step 

forward in the necessary understanding of beneficial soil fungi. 

 


