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PREFACE

My professional identity is that of a researcher developing organic agriculture and,
more generally, sustainable food systems. Sustainability implies a multidimensional
point of view, and the practical strategy of organic farming is a strategy of systems
management. Thus, it is not surprising that the systems approach enjoys lively dis-
cussion among researchers concerned with organic agriculture. The challenge of the
systems approach for research on sustainable agriculture is often interpreted as a
need to focus on the farm level or on higher organizational levels of the food system
while the potential of a systems approach at lower organizational levels of agroeco-
systems have largely been disregarded. In this context, the present work not only in-
volves research on the particular topic of arbuscular mycorrhiza (AM) in phospho-
rus (P) management but it demonstrates choices in the degree of systemism adopted
in research on low system levels, and the impact of these choices on the research
questions addressed, the methods applied and the conclusions drawn.

The attempt towards a systems approach determined the structure both of the
work and of the thesis. The starting point is the features desired in a sustainable food
system, and one of the major obstacles to sustainability, the present P management, is
elucidated. The problematic situation in the P management is described, and the
management of a phenomenon with good potential to improve the situation, AM, is
spotlighted. The research questions are formulated and answers are sought with care
for relevance to the sustainable food system. An effort is made to understand the
functioning of the spotlighted subsystem of AM management by P fertilization, and
reduction of any essential interactions is avoided. Finally, the results and conclusions
are linked back to the context of the sustainable food system, and options to improve
the P management are discussed.

This work concerns the possibilities to rely on ecosystem services in agriculture,
in this case on AM. Within AM research, it represents a strategy to rely on AM fungal
(AMF) field communities through management of the production system. This sys-
tems-oriented strategy is only now drawing attention in European research on AM,
while the strategy to select, propagate and regularly inoculate exogenous AMF
strains as “biological fertilizers” continues to dominate. The work reported in this
thesis comprises the development of methods for AM studies of relevance for the
SYSTEMS ORIENTED MANAGEMENT utilization strategy selected, and the appli-
cation of these methods in bioassays and in the field. Except for minor parts of the
method development, the work is published in the appended papers. Additionally,
the impact of the systems approach on the work is studied.

In Juva, 2 October, 2000

Helena Kahiluoto
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1 INTRODUCTION

1.1 THE SYSTEMS APPROACH

This thesis comprises research work on a specific ecological topic and a methodo-
logically oriented study on the challenges of applying a systems approach in re-
search focusing on a relatively low organizational level of the agroecosystem.

The mechanistic - positivistic world-view and analytical scientific approach had
clearly emerged by the 17* century in the work of Galileo, Descartes and Newton, in
contrast to the former Aristotelian holistic-teleologic world-view. One-way cause - ef-
fect relations were sought by isolation of the phenomenon studied from the research-
er, dividing it into discrete and manageable entities and studying these under con-
trolled conditions (Bertalanffy, 1975). This paradigm (Kuhn, 1970) is often referred to
as reductionist. According to the extreme reductionist view, the phenomena observed
at a certain organizational level are explained through vertical reduction, i.e. solely
by knowledge at a lower, even lowest possible, organization level.

Beginning with Einstein’s theory of relativity (1905), a more systemic approach
has evolved within science (Jantsch, 1975; Ackoff, 1983), and been formulated into
a general theory of systems, for example by Bertalanffy (1973). According to the
systems view, useful information about a phenomenon is not obtained by studying
its components in isolation, because their interrelations determine the function of
both the part and the whole (Capra, 1975; Bunge, 1985). The soft systems approach
(e.g., Checkland, 1981), with its roots in phenomenology and hermeneutics, further
assumes that every system can be described in several ways depending on the un-
derlying world-view. This shift from an ontological systems orientation (hard sys-
tems methodology) to an epistemological one (soft systems methodology) implies
that not only is the phenomenon studied interpreted as a system but also the in-
quiry into it (Checkland, 1988; Bawden, 1991). In this view, the interrelatedness be-
tween the different system levels is emphasized. Thus, the solutions emerge from a
vision of the entity taken as a whole (Laszlo and Laszlo, 1997), reflecting a world-
view that needs to be made explicit through a process of systemic inquiry
(Bawden, 1995). This approach, participatory in its very nature (Laszlo and Laszlo,
1997), introduces the researcher as a responsible actor in the human activity system
(also Alree and Kristensen, 1998).

Within agriculture, a plea for holism was made by movements questioning the
sustainability of the dominant agricultural development, and by a number of indi-
vidual scientists (e.g., Carson, 1962; White, 1967). Environmental and social problems
were seen as deriving, in part, from the fragmented approach. Attempts to construct



research methodologies especially for agriculture, using a hard or soft systems ap-
proach, were made in third-world countries (farming systems research) and by Sped-
ding (1979), Bawden et al. (1985), Conway (1985), Odum (1983, 1988) and others. Ac-
cording to Lockeretz and Boehncke (2000), in research on sustainable or, more specifi-
cally, organic agriculture, the challenge to do systems research has been offered and
accepted, but still not met. In this discourse (Lieblein, 1995, 1997; Kristensen and Hal-
berg, 1997; Alrge and Kristensen, 1998; Lockeretz, 2000 etc.), the challenge is often
interpreted as a need to focus on specific organizational levels (“the system-level”),
usually on the farm level but sometimes higher on the food system. Taken to ex-
tremes this holistic (see Bunge, 1985) interpretation could, however, lead to “upward
reductionism” (Bunge, 1985), i.e. to black box models with no consideration of the
lower-level processes, or to an unrealistic attempt to include everything in every
study (see Alrge and Kristensen, 1998). Alternatively, this interpretation could result
in disregarding the targets and context of the higher levels (suprasystems) and the
constraints set by them for the focused level (Burkhardt, 1989; Wilson and Morren,
1990). Also, research on hierarchical levels lower than the farm have been taken as re-
ductionist of necessity (e.g., Hoegh-Jensen, 1998).

The benefits of considering the system and subsystem character of the object
and of the study have been largely disregarded in research focusing on low organi-
zation levels of the agroecosystem. Therefore, the present study attempts, as
phrased by Lockeretz and Boehncke (2000), to “do the specific research with an eye
toward also contributing to the longer-range and vaguer goal of development of
systems research methods”. It attempts to answer, besides the specific research
questions, the methodological question posed by them, too: “How can we put the
concept of systemism to work in this particular research?”.

Reduction is relative. A system is always embedded in some larger system
(Churchman, 1979; Bawden, 1991). This aspect of hierarchy in systems theory has
also been renounced (e.g., Bookchin, 1982; Capra, 1995), but as Bunge (1985) re-
minds us, this plays on the ambiguity of the term “hierarchy”. In systems theory,
hierarchy only denotes a system composed of units subdivided into smaller units,
with no dimension of power or value. Agriculture can be considered as involving
numerous organizational levels, the understanding and management of any of
which requires an understanding of processes on other organizational levels, espe-
cially the nearest ones (Bunge, 1985). This sets a requirement for continuous feed-
back between the different organizational levels in research, or a repeating process
of analysis and synthesis, reduction and integration.

Interpreting research as a human activity system and recognizing researcher as

an actor in it, viewing the natural scientific basis of agriculture as an agroecosys-



tem, and recognizing the role of the interrelationships of the system levels and sub-
systems for the character of the system, all present special challenges for research
irrespective of the system level. Emphasis is placed on awareness of the develop-
mental goals and function of the suprasystems (Wilson, 1984), the choice of sys-
temic management strategy, and the prioritization and formulation of the research
questions in this context. This is the value-bound, human, “soft” dimension of the
systems approach which pertains as much to research focusing on lower organiza-
tional levels as to research on higher levels. Additionally, the complex and contex-
tual nature of the systems investigated sets requirements on the methodology
(Spedding, 1979).

In this study, these challenges were reflected in the choice of the sustainability
discourse and thus of the target system for the phosphorus (P) management, of
AM utilization in P management as the research object, of conceptualization of the
object, of the utilization strategy, of the research methods and of the structure of
this presentation (Figures 1 and 3). These choices and their influence are discussed
in 3.1 Methodological considerations. The presentation proceeds from the target
suprasystem towards the subsystem focused on and finally links the conclusions to

the suprasystem of interest.

1.2 SUSTAINABILITY AND PHOSPHORUS

Sustainability discourses

The concept of sustainable development, introduced to common awareness by the
Brundtland Committee (WCED, 1987), has been defined in numerous ways in vari-
ous discourses. Burkhardt (1989), in agreement with the definition by WCED,
showed that the legitimation for the goal of sustainability cannot be in a utilitarian
orientation but only in the moral obligation to respect rights. Sustainability as a
concept includes both a normative vision of desirable characteristics of a target
system to be sustained, and the requirement that it can be sustained. The former
aspect is the primary one (Thompson, 1992).

According to Douglass (1984), the different perspectives on sustainable agricul-
ture are (1) food sufficiency, (2) conservation of resources (stewardship) and (3) en-
couragement of certain virtues and vitality of local communities (community ori-
entation). Between the first two perspectives, the difference is over means, not
ends, while the third one extends the concept to other goals (democracy, communi-
ty and care) and thus includes social and cultural aspects (Burkhardt, 1989). The



last perspective sets constraints on the means employed for the goals of the second
perspective, i.e. for sustaining the resource base for food production such as spar-
ing nonrenewable resources and biodiversity and avoiding environmental haz-
ards. In accordance with the last perspective, Thompson (1997) emphasizes func-
tional integrity, i.e. consideration of the interactions of production practices with
processes of renewal, avoidance of vulnerability and conservation of the capacity
for resilience, all of them including both ecological and social dimensions. This
systemic, community-oriented discourse on sustainability prefers means that are
governed by the local community and thus empower it. This is the discourse on
sustainability of organic agriculture (Burkhardt, 1989; Thompson, 1997; Alroe and
Kristensen, 1998; IFOAM, 1998).

P management

P management is one of the main keys to the development of ecologically sustaina-
ble food systems. Economically exploitable P deposits are a finite resource. Their
utilization causes local environmental hazards and contributes to the depletion of
fossil energy and thus to air pollution and climate change. Reliance on these re-
sources also contributes to dispowerment of local rural communities. Furthermore,
the P flow as fertilizers and feed to agriculture, and further either directly or
through food consumption to waters, contributes to the devastation of aquatic eco-
systems. P is the limiting factor for eutrophication in many aquatic systems
(Fischer et al., 1995), including most temperate fresh waters such as the Finnish
lakes. Together with nitrogen (N) it also is a minimum factor for eutrophication in
the seas, including the Baltic Sea (Rekolainen et al., 1995). The current P input into
seas is up to three-fold the input during the pre-agricultural period (Howarth et
al., 1995). In public discussion this is considered to be a problematic situation.

In Finnish agriculture about 20 kg P ha a™ is applied in fertilizers, but only 5 kg
of this passes into the food produced (Granstedt, 1995). In the Nordic countries, 10-
20% of the P uptake by crops ends up in sewage sludge, while a similar proportion
finds its way to slaughter offal (Granstedt and Westberg, 1993; Peltola et al., 1995).
Most of the P loss from the food system, or 60% of P in fertilizers and feeds, con-
sists, however, of the P fixed to cultivated soils and leached from fields to surface
waters. The P emissions from point sources have been notably reduced in Europe
through control measures, but there has been no similar reduction in emissions
from diffuse sources such as agriculture (Kauppi, 1984; Rekolainen, 1989; Rekolai-
nen et al., 1995). Thus, municipalities account for only 5% of the anthropogenic P
loading. Looked at in another way, although only 7% of the land area of Finland is
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cultivated, approximately 60% of the anthropogenic P loading (3300 t a) or 50% of
the corresponding algae-available loading originates from agriculture. Further,
more than 90% of it (3000 t a) originates from the field soils (Rekolainen, 1993;
Ministry of the Environment, 1998). Erosion, surface runoff and transient flooding
are the major mechanisms for P losses from field soils. The labile P and secondary
P bound to Fe and Al oxides contribute to the loss of dissolved reactive P, which is
immediately available for algal growth (Ekholm, 1994). Soil content of extractable
P is the main factor affecting P losses from field soils, both in eroded particles and
in dissolved form (Ekholm et al., 1999).

P plays a fundamental role in enzymatic reactions that depend on phosphoryla-
tion and thus it is essential for cell division and plant growth and development.
Several to several tens of kilograms P ha' a™! are taken up by crops in Northern Eu-
rope. P is present in soil solution only in trace amounts as inorganic ions that are
immediately available for crops. Organic P only becomes plant-available through
mineralization, and P in calcium phosphate minerals (most of soil P) only through
slow weathering. Finnish cultivated soils tend to be naturally poor in plant-availa-
ble P (Hartikainen, 1979), and use of P fertilizers was widely embraced to increase
the productivity, in the 1950s. In Finland’s fairly acid soils, a substantial amount of
the added P accumulated in the soil in the form of Al and Fe phosphates (Hartikai-
nen, 1991). The average field soil content of plant-available P extracted by acid am-
monium acetate increased 2.2 times during 40 years, from 5.4 mg I in 1955-
1960 to 12.4 mg 1" in 1991-1995. This change was accelerated by a simultaneous in-
crease in soil pH (Méntylahti, 1996). No further increase of P content has been ob-
served since.

Sustainable P management requires changes at several system levels. A de-
crease in the P flow to agriculture in fertilizers and feeds would reduce losses
and spare resources for most effective use. Redirecting the flow to regions where
soil P is lowest and P effectiveness is highest in terms of low losses, high yield
effect and high need for additional food supply would improve the situation.
Organizational changes would be required for the necessary internal integration
within the agriculture and food systems. Enhanced recycling of P from animal
husbandry and human consumption to plant production would close P cycles
reducing inputs and losses. By way of example, the proportion of easily recycled
slaughter offal alone is equivalent to nearly half the P in the food we consume
(Granstedt and Westberg, 1993). Nevertheless, the greatest potential for reducing
P inputs to the food system, P losses from the system and P pollution of aquatic
systems lies in a more efficient utilization by crops of the P in soil and in recy-

cled organic matter. There are opportunities for this efficient utilization through
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the biologically-mediated soil processes managed by every farmer. The key sub-

system is arbuscular mycorrhiza.

1.3 UTILIZATION OF P BY ARBUSCULAR MYCORRHIZA

Arbuscular mycorrhizal symbiosis

Arbuscular mycorrhiza (AM) is a system with a delicate balance between plant,
fungus and soil (Mosse, 1986). It involves a symbiosis between plant and fungus,
the mutualism of which is determined by the soil and other environmental factors.
The fungal partner is an obligatory symbiont. It receives the carbon (C) for its me-
tabolism and structures from the host plant, distributes it to the soil by biomass
production and transports nutrients from the soil to the plant, benefitting the plant
and the soil in several ways (see below). According to fossil evidence, the fungi
and their host plants have co-evolved for 350 to 450 million years (Pirozynski and
Malloch, 1975). AM is now formed by 80% of all plant species, including most agri-
cultural crops (Trappe, 1987), and by approximately 150 species of soil-borne fungi

belonging to six fungal genera (Glomus, Sclerocystis, Acaulospora, Entrophospora, Gi-

gaspora and Scutellospora) of the single order Glomales within the Zygomycetes
(Morton and Benny, 1990). These fungi are ubiquitous in terrestrial soils. Among
the herbaceous plants only Brassicaceae, Chenopodiaceae, Urticaceae, Caryophyl-
laceae, Juncaceae, Cyperaceae and Lupinus (belonging to otherwise highly myco-
trophic Leguminosae) almost consistently do not form mycorrhiza (Harley and
Smith, 1983). The ability to utilize AM, i.e. mycorrhizal dependence (MD), varies
greatly between the plant genotypes and environments.

Arbuscular mycorrhizal fungi (AMF) are a major component of soil microbial
biomass (Hamel et al., 1991). AMF hyphae form a network within the soil and be-
tween plants. This network distributes C (Francis and Read, 1984) and nutrients
(Heap and Newman, 1980). AM may equalize the small-scale variation in growth
factors between plants, thus raising the average level of limiting factors. It supplies
energy for soil processes, extending the rhizosphere to the much larger mycor-
rhizosphere. AM affects the evolution of the plant and microbial communities (on
evolution of communities of co-evolving organisms see Bunge, 1985; Linderman,
1988; Francis and Read, 1994) and soil nutrient status and structure (Tisdall and
Oades, 1982; Tisdall, 1991) at long term (Figure 2). Direct, short-term AM influen-
ces such as pathogen antagonism (Perrin, 1990), alleviation of drought (Nelsen,
1987; Ruiz-Lozano and Azcon, 1995) and heavy metal stresses (Heggo et al., 1990),
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competition against ruderals (Francis and Read, 1994) and enhancement of photo-
synthetic rates (Kucey and Paul, 1982) and phytohormone levels (Allen et al., 1980)
are well-established. Frequently observed is an increased uptake of less mobile nu-
trients, especially P, but also ammonium (NH, ) (Johansen et al., 1993), Cu and zinc
(Zn) (e.g., Singh et al., 1986; Kothari et al., 1990), potassium (K) (Bethlenfalvay et
al., 1989), calsium (Ca) (Rhodes and Gerdemann, 1978a) and sulfur (S) (Rhodes and
Gerdemann, 1978b). AM also promotes symbiotic N fixation (Barea et al., 1987)
even if this may be related to improved P nutrition. Enhanced uptake of P is most
often responsible for the growth increase of plants due to mycorrhization (Abbott
and Robson, 1984). Up to 80% of the plant P, 60% of Cu and 25% of Zn can be de-
livered by external AMF hyphae extending as much as 12 cm from the root surface
(Li et al., 1991; Marschner and Dell, 1994).

Utilization of P by AM
Increase in plant P uptake due to mycorrhization results mainly from the increased
soil volume exploited by the mycorrhizal root system. P diffusion in soil is rate
limiting for P uptake (Nye, 1977). The external AMF hyphae extend to soil volumes
beyond the depletion zone around the roots (Sanders and Tinker, 1971), and to
smaller soil pores and closer to the surfaces of soil particles than do the roots and
root hairs (O’Keefe and Sylvia, 1992). Besides that, effective P acquisition by exter-
nal hyphae is related to rapid formation of polyphosphates in the hyphae which
maintain a low internal concentration of inorganic phosphates (Callow et al., 1978).
A greater sink effect caused by an increased conversion of inorganic to organic
phosphate in the leaves of mycorrhizal plants (Allen et al., 1981) and a greater af-
finity of the absorbing sites for H,PO,” in mycorrhizal roots have also been suggest-
ed (Cress et al., 1979). A lower pH than in the bulk soil has been observed in the
close vicinity of AMF hyphae (Li et al., 1991), but the evidence for AM hyphal ex-
cretion of extracellular phosphatases contributing to mineralization is contradicto-
ry (Dodd et al., 1987; Joner et al., 1995; Joner and Jakobsen, 1995; Tarafdar and
Marschner, 1994a,b). Thus, there is no conclusive evidence of a specific mechanism
for P uptake from sparingly available inorganic or organic P sources by AM (Bolan,
1991; Joner and Jakobsen, 1994b). In addition to the direct effects, AM affects P up-
take by plants via modified transpiration rates, enhanced microbial activity (An-
drade et al., 1998) by, for example P solubilizing bacteria (Linderman, 1988), and
improved soil structure. AMF hyphae mechanically bind soil aggregates (Graham
et al., 1982) and produce fixing mucilage (Jastrow et al., 1998).

Irrespective of the specific mechanisms, the relative contribution of AM to plant
P uptake is highest where concentrations of dissolved nutrients are low (Mosse,
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1973) and where only sparingly soluble inorganic or organic sources are available
(Bolan et al., 1987; Joner and Jakobsen, 1994b). Bolan et al. (1987) found mycor-
rhization to increase the uptake of P bound to strengite, an insoluble Fe oxide, six-
fold for subterranean clover and 3.5-fold for ryegrass, whereas the corresponding
increase in uptake of P from the soluble potassium dihydrogen phosphate was
only 1.2-fold and from colloidal Fe 1.9-fold for subterranean clover. In a moderate-
ly P-deficient soil AM increased P uptake from organic sources such as plant mate-
rial by two- to six-fold depending on the added amount (Joner and Jakobsen,
1994b) and 1.6-fold from bone meal (Kahiluoto and Vestberg, 1998), which is of
great importance for P recycling to agriculture. These effects are evidently due to
the close proximity of AMF hyphae to sites of mineralization (Dighton, 1991) and
dissolution, and instant uptake of the released P, so that its fixation is intercepted
(Bolan et al., 1987; Joner and Jakobsen, 1994a).

Fungal growth and respiration consumes C from the host plant. The amount
transferred to hyphae is estimated to constitute 4-20% of the photoassimilated C
(Kucey and Paul, 1982; Harris et al., 1985; Jakobsen and Rosendahl, 1990). At least
part of this is compensated by the increased photosynthesis due to AM formation,
through the sink effect (Herold, 1980; Snellgrove et al., 1986). The actual relation-
ship between costs and benefits depends on the properties of the AMF and plant as
well as on the properties, especially growth limiting factors, of the soil (e.g., P) and
environment (e.g., light). The alternative strategy for a plant to acquire P is to in-
vest in its roots, but the C cost per unit P is lower when AMF hyphae are employed
(Harley, 1975). Thus, if P is the primary growth limiting factor, it is generally more
profitable for the plant to invest in AM than in root growth. Effective AM can sus-
tain acceptable crop growth at clearly lower soil concentration of extractable P than
is possible without properly functioning AM. AM exploits the released P more ef-
fectively and reduces P losses to the water system also through hindering erosion.

1.4 SYSTEMS MANAGEMENT OF AM

Management strategies

AMF are widespread in field soils also in the Nordic countries such as in Finland
(Vestberg, 1995). AM effectiveness varies considerably, however. The AM effective-
ness in terms of plant growth and nutrient uptake, i.e. the contribution of AM to crop
growth and nutrient uptake, is the combined result of plant dependence on AM,
AMF community size and structure, soil and climatic conditions, and the compatibili-
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ty among these factors. The AM effectiveness in a particular plant - fungus - soil com-
bination in certain climatic conditions varies with time, and the combination varies
with both time and space in the field. The variation in AM effectiveness between field
soils is due to variation in natural conditions, including the initial situation when
taken into cultivation, and to variation in management history.

The predominant AM utilization strategy in AM research has been to isolate
and screen AMF for mass production, in order to inoculate crop plant material reg-
ularly with effective, exogenous fungi. Controlled inoculum production of an ob-
ligatory symbiont is expensive and resource consuming, however, as it requires
crop cultivation in controlled conditions. As a farming strategy, regular inocula-
tions represent a linear approach where AMF are seen as “biological fertilizers”.
The strategy ignores, and to be successful needs to suppress, soil ecological inter-
actions. The effect of inoculation in the field is difficult to predict as it depends on
factors related to host, soil and climate and the cultivation practices employed. The
effect of inoculation also depends crucially on the effectiveness and competitive-
ness of the indigenous AMF communities, and on the competitive or synergistic re-
actions of the whole microbial community (Sen, 1992; Allen, 1993). Menge (1983)
suggested that commercial use of mycorrhizal fungi is probably economically fea-
sible only on disturbed sites, on fumigated soils and in greenhouses. Indeed, com-
mercial mycorrhizal inoculum production and use has not been a success story.

Our earlier study (Kahiluoto and Vestberg, 1998) indicated that the manage-
ment history has an important influence on the variation in contribution of AM to
plant growth and nutrient uptake in the field. The results suggested that regular
inoculation of plant material can be of practical significance in field cropping only
where the effectiveness of the indigenous AMF has been reduced through deleteri-
ous cultivation practices. Because it depends on of biologically mediated soil proc-
esses, sustainable farming strives to maintain high biological activity in the soil.
This increases the probability that inoculation by exogenous organisms will be met
by competitive reactions of soil that reduce the value of the inoculation strategy.
Promoting instead the effectiveness of the indigenous AMF by modifying the
farming system would be compatible with sustainable agriculture as a systems ap-
proach to understanding and utilizing the complex agroecological interactions
(Reganold et al., 1990). This AM utilization strategy represents a paradigm only
now taking form in European mycorrhizal research. It is in agreement with the
goal of the community-oriented discourse of sustainability, which is to rely on lo-
cal resources. Even if a more effective or more abundant AMF community were in-
troduced, it would be necessary to manage field conditions to maintain it and fa-
vour its beneficial functions.
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Systems management of AM

All partners in the tripartite system of plant, fungus and soil and their interactions
are influenced by agricultural practices (Figure 1b). These influences can be uti-
lized in order to promote reliance on AM in crop production. AMF species diversi-
ty as well as the species composition and size of the community vary considerably
between field sites, as shown also in Finland (Vestberg, 1995). This is due to varia-
tion in climate, soil and vegetation, and to their history. The farming system as a
whole (Douds et al., 1993, 1995), crop rotation (Dodd et al., 1990), fertilization
(Gryndler and Lipavsky, 1995), liming (Wang et al., 1985) and tillage (Douds et al.,
1995) have been shown to affect the species composition of AMF communities.
Management practices may also affect the relative abundance of physiologically
different clones, despite morphologically identical spores and thus no change in
species composition (Morton, 1990). The structural features of a fungus, such as the
proportions of spores, arbuscules, vesicles, internal hyphae and external hyphae,
as well as its growth habit and physiology (Sanders, 1975), may be modified by im-
posed conditions (Johnson, 1993; Miller et al., 1994). Pesticides may have a drastic
effects, not only on the size and composition of the AMF community but also on
the structure of AMF individuals (Ocampo and Hayman, 1980). In addition, the
tillage affects on the fungal individuals by breaking the hyphal networks or locat-
ing propagules deep in the soil by ploughing. Introduction of an exogenous fun-
gus or an inoculum of indigenous fungi directly affects the AMF.

AM allows to be managed through modifying the plant partner. The C supply to
the AMF is dependent on plant coverage and on shoot removal (Thompson, 1987;
Bethlenfalvay et al., 1985) such as in fallowing, cutting and grazing. The AM depend-
ence of host plants and their functional compatibility with the field AMF (Boyetchko
and Tewari, 1994; Ravnskov and Jakobsen, 1995) are influenced by the diversity and
structure of the plant community in both time and space (Dodd et al., 1990). As well
as the interactions of more and less dependent and antagonistic (Fontenla et al., 1999)
crops as well as the hyphal bridges transporting C and nutrients, especially from
dead tissue, can all be exploited in the management of AM. There is also wide varia-
tion in the MD of temperate agricultural crop species, usually related to root mor-
phology, root hair formation and seed P content (Baylis, 1975). Variation between cul-
tivars has also been shown for example for wheat (Hetrick et al., 1992a,b) and barley
(Boyetchko and Tewari, 1995). For wheat, there is a tendency for greater reliance on
symbiosis in the older cultivated genotypes than in modern wheat cultivars (Manske,
1990; Hetrick et al., 1992a,b). Also, the response of MD to environmental gradients
varies between plant species and cultivars (Hetrick et al., 1996). Breeding and choice

of cultivar are thus important tools in AM management.

16



Figure 1. AM within the cropping system
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Soil biotic and abiotic conditions are crucial for AM formation and function. Fa-
vourable conditions can be created, for example, by modifying fertilization and or-
ganic matter content (St. John, 1983), liming (Graw, 1979; Raznikiewicz et al., 1994),
irrigation (Nelsen, 1987) and aeration (Saif, 1983). The major factor affecting AM is
soil P supply. Its influences on AM effectiveness are mediated through all three
partners of the AM. A high soil P level not only decreases plant dependence on
AM, i.e. the benefit from AM in relation to the cost to the plant. It also limits for-
mation of AM mainly through elevated plant P concentration (Sanders, 1975;
Menge et al., 1978) reducing the growth rate of infection units, the production of
secondary external hyphae (Bruce et al., 1994) and spore germination (de Miranda
and Harris, 1994). Higher soil P level could thus cumulatively decrease the size of
the AMF community. Because of variation in sensitivity to P among AMF (Sylvia
and Schenck, 1983; Thomson et al., 1986) it could also change the community struc-
ture and thus its functions and benefit to the crop. However, only a few studies
have been reported on long-term effects of cumulative P fertilization on AM. John-
son (1993) and Gryndler and Lipavsky (1995) observed a negative impact of cumu-
lative P fertilization on AMF infectivity and effectiveness together with a change of
AMF species composition. Porter et al. (1978), using two replicates only, observed
no response. Thingstrup et al. (1998) showed a decrease in AM infectivity and ben-
efit on flax with increasing soil P levels in the field. The impact of P on mycorrhiza-
tion also depends on the N supply (Sylvia and Neal, 1990).

Similarly to the AM effects on crop growth, also management effects on AM in-
clude both short-term and long-term effects (Figure 2). The short-term effect of a cul-
tivation measure may be stronger (e.g., fresh P dressing) than or different (hyphal
break by tillage) from the cumulative effect achieved through repetition of a cultiva-
tion measure. A notable effect on a microbial community may sometimes be achieved
with a single dressing of a pesticide with a selective AMF effect (Schreiner and Beth-

lenfalvay, 1997), but usually repeated measures at long term are required.
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1.5 RESEARCH METHODS

Methodological choices

In research on systems management of AM for sustainability, choices are taken on
the other hand in studying the impact of a management system on soil in general,
and on the other hand in studying the impact on AM in particular. In regard to the
impacts of the management system, the main aspects to consider are the practices
studied in relation to the goal of sustainability, a relevant environment and a long
perspective on the effects. The conditions prevailing before implementation of the
treatments (AMEF, weeds, soil), i.e. the starting point, are also of importance. The
limited availability of relevant long-term experiments is the main constraint on
this research approach. In regard to the assessment of the impact on AM, to assure
relevance the observations should be made either in the field or in conditions as
close to field conditions as possible. All the important interactions need to be con-
sidered. In drawing conclusions regarding further research needs and in guide-
lines for practical applications, the impact of management on other parts of the
system should be taken into account as well.

The plant and soil responses to AM and the response of AM to management are
difficult to predict on the basis of the existing mycorrhizal research. Most studies
on AM functions have been carried out with use of sterilized soil and pure cultures
of a small number of AMF taxa (Klironomos and Kendrick, 1993) with less relevant
plant species and with single plants per pot. Particularly misleading is the exclu-
sion of interactions with other soil microbes and between plants (Crush, 1976; Het-
rick, 1989; Miller et al., 1994). Microbial interactions may drastically change AM
function (Garbaye, 1991) as well as the competition for nutrients and the nutrient
and C transport between plant individuals (Jackman and Mouat, 1972; Heap and
Newman, 1980; Francis and Read, 1984). Furthermore, the AMF responsible for the
effects should be identified, and more relevant indicators for AM effectiveness
than colonization or hyphal length density are needed (Miller et al., 1994).

Our current poor understanding of the functioning and effects of field AMF
communities is mainly attributable to methodological problems. Studies on indige-
nous AMF communities in field soils have concentrated on measuring the length
of the colonized root and spore densities, and recently also hyphal length. How-
ever, plant and soil responses of importance for agriculture are not related solely to
these variables. Hosts differ in their MD in ways not necessarily reflected in root
colonization (Hetrick et al., 1992a,b) or hyphal growth, and functional host - fun-
gus compatibility varies at similar levels of colonization and hyphal length (Ravn-
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skov and Jakobsen, 1995). AMF differ in their ability to enhance plant growth and
P uptake at comparable colonization levels (Mosse, 1972; Graham et al., 1982), of-
ten because of temporal differences in colonization or variation in the length of ex-
ternal hyphae among fungi (Graham et al., 1982; Kough and Linderman, 1986).
Not even the length of external hyphae necessarily predicts the effectiveness (Ab-
bott and Robson, 1985) because the spatial distribution and function of hyphae
vary between AMF (Jakobsen et al., 1992a; Buerkert and Robson, 1994) and may re-
spond in different ways to changed conditions (Miller et al., 1994). The species
composition of an AMF community (taxonomic analysis) does not always explain
the differences in effect at a similar level of hyphal length, because the clones with-
in one morphological AMF species may vary drastically in function (Morton,
1990). Additionally, all hyphae may not be equally effective in P absorption since
some hyphae seem to be specialized for absorption (Friese and Allen, 1991). The
hyphal function, e.g. nutrient uptake, even of a certain AMF genotype, varies ac-
cording to soil conditions, especially nutrient status. In addition, the functional ef-
ficiency of AM and of the structural parts of the fungal partner may vary in terms
of nutrient inflow per carbon expenditure.

AM functioning has been investigated by comparing plant growth and nutrient
uptake before and after a change of conditions or management (e.g., Evans and Mill-
er, 1988), or following it in relation to colonization, as well as by studying the tempo-
ral coincidence of nutrient uptake and the development of colonization (Merry-
weather and Fitter, 1995). It is not possible, however, to determine the mycorrhizal
contribution to crop response on the basis of changes in colonization levels only.
Therefore, functional aspects related to nutrient uptake have been studied by spatial
separation of root and hyphal compartments (Schuepp et al., 1987) by 30 to 60 um
screens, e.g. polytetrafluorethylene (PTFE) membranes which are impermeable for
ions in aqueous solutions (Méder et al., 1993). Compartmental methods are often
combined with the use of isotopes (Jakobsen et al. 1992b). This approach has even
been suggested for measuring AM functioning in the field (Jakobsen, 1994). Com-
partmental methods measure the potential of fungal hyphae to take up, translocate
and transfer nutrients. However, they do not describe the total growth effect of the
multifunctional AM. Neither do they describe the total AM effect on nutrient uptake,
because they do not take into account the variation in the costs of symbiosis in terms
of carbon expenditure, i.e. the AM effects on the growth and nutrient uptake of the
whole root system. The mycorrhizal function, e.g. the hyphal P uptake, is not neces-
sarily impaired even if the plant host does not display an increase in biomass or nu-
trient uptake in response to AM (Hetrick et al., 1996).
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Non-mycorrhizal control

Comparison with a control with prevented or reduced AM formation or functioning
is the only way to measure the total growth effect or the effect on the uptake of nutri-
ents of the multifunctional, carbon consuming AM. The major challenge in the as-
sessment of AM effectiveness then, is the creation of an appropriate non-mycorrhizal
control, where AM is satisfactorily suppressed but otherwise no or only minor chang-
es in soil conditions relative to the untreated field soil. With such a control, the differ-
ences in mycorrhizal effectiveness will be clearly indicated and they will describe
well the relative differences in the field. The non-mycorrhizal control is most often
produced by fumigation, steaming, autoclaving or irradiation. This partial steriliza-
tion of the soil destroys most of the microflora and fauna, causing a flush of decom-
position of microbial cells and, to a lesser extent, decomposition of soil humus
(McLaren, 1969; Powlson and Jenkinson, 1976). Thus it changing the soil organic mat-
ter and nutrient status, e.g. N and P availability (Eno and Popenoe, 1964; Jakobsen
and Andersen, 1982). The changes are confounding because AM effectiveness varies
greatly with soil nutrient status and soil biota (Linderman, 1988) and because the AM
response to the changes depends on the AMF population, the plant and other condi-
tions. Reinoculation of the microbes cannot be done satisfactorily either quantitative-
ly or qualitatively.

Among methods of partial sterilization, gamma-irradiation has the least undesira-
ble effects (Bowen and Rovira, 1961; McLaren, 1969; Thompson, 1990). It may, how-
ever, increase even soil toxins such as manganese (Mn) or copper (Cu) (McLaren,
1969; Fitter and Nichols, 1988). Irradiation doses (2.5 kGy, even 1 kGy) lower than
usually recommended (10 kGy) may be sufficient to eliminate AMF infectivity while
changing soil conditions considerably less (Jakobsen and Andersen, 1982; Jakobsen,
1984; Thompson, 1990). The dose requirements are dependent on the soil type, soil
moisture and organism (McLaren, 1969). The side effects of sterilization vary accord-
ing to soil conditions and previous management (Powlson and Jenkinson, 1976).

Fungicide treatment has been successfully used to reduce or eliminate AM ac-
tivity. Fungicides seldom prevent mycorrhization completely, but their adverse ef-
fects on soil are less than those of sterilization. AM suppressing fungicides, how-
ever, may also affect other microflora, including plant pathogens (West et al., 1993).
The effects may be rate-dependent (van Faassen, 1974). Further, fungicide residues
may be toxic to reinoculated microbes. Fungicide comparisons commonly con-
clude that benomyl, or the effective compound carbendazim, is the most effective
in suppressing AM (e.g., Dodd and Jeffries, 1989; West et al., 1993), but the fungi-
cide effects may be modified by the AMF community structure (Schreiner and

Bethlenfalvay, 1997). Creation of the non-mycorrhizal control with benomyl has
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not always been successful, especially not in the field (Fitter, 1986; McGonigle and
Fitter, 1988). Fungicides often have phytotoxic effects, as well. For a review of the
usefulness of benomyl in the creation of a non-mycorrhizal control, see II

A quite different approach to creating a control is to use isogenic myc mutants
of AM hosts (e.g., Bradbury et al., 1991; Balaji et al., 1994). Although the adverse ef-
fects on soil are avoided with these mutants, there are problems related to their
AM dependence, compatibility with the indigenous AMF communities and agri-
cultural relevance due to the limited selection of myc mutants available. The phe-
notypic similarity in respects other than mycorrhization has to be tested thorough-
ly, also because the mutated genes may have several other functions in addition to
regulating nodulation and mycorrhization (LaRue and Weeden, 1994).

Although the limitations and advantages of each method of creating the non-
mycorrhizal control are known, the most promising methods have not been com-
pared in the same study. Further, all these methods have limitations for use direct-
ly in the field. Irradiation is practically impossible in the field, large seed lots of
myc mutants are not available, and the environmental and safety risks of benomyl
are greatest in field use. Benomyl is a potential human carcinogen according to EC
and EPA classifications, with long persistence in soil (Torstensson and Wessen,
1984; Sinha et al., 1988). Thus there is a need for a bioassay of AM effectiveness
with results representative of the situation in the field. A rapid bioassay in a
growth chamber would have practical value if standardized for routine soil analy-

ses of P availability with relevance to sustainable agriculture.

Soil sampling

Besides the creation of a non-mycorrhizal control, other important choices to be made
in this kind of bioassay concern the representativeness of the soil sampling and the
test plant species and cultivars. The main choices in ensuring the representativeness
of soil sampling are sampling time, sampling method and size of the sampling area.
Clearly, temporal variations in the amount, composition and vitality of AMF struc-
tures, in nutrient status and in other field soil characteristics will affect fungal infec-
tion, AM function and possibly also success in creation of the non-mycorrhizal con-
trol. Temporal variation in AMF infectivity has been observed (Sanders, 1993). How-
ever, little information is available on the dependence of mycorrhizal infectivity or ef-
fectiveness on season, especially in northern field soils. Use of composite samples is
more practical than use of whole soil cores, and relevant for tilled soils. The maxi-
mum area for one composite sample is limited by the need to avoid mixing several,
spatially separated field communities, so creating a new AMF community with new
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interactions and thus new functional properties. Mixing of communities is unlikely
on regularly cultivated fields (Douds and Millner, 1999).

Test plants

Issues to consider in the choice of test plant species and cultivars are the variation
of MD between plant genotypes and the functional compatibility between plants
and AMF communities (see above). An appropriate test plant gives a good re-
sponse to AM. It is responsive over a wide range of fungal diversity and soil condi-
tions, yet clearly indicates differences in AM effectiveness, for example between
fungal communities or soil biotic or abiotic states. An appropriate test plant also
predicts the relative responses of common crops of the agroecosystem concerned.
The test plants should be relevant to that system and area therefore. In addition,
the genetic variation between the plant individuals should be small so that an im-
practically large number of plants per pot or pots per treatment is not required to

reveal the differences between the treatments.

1.6 AIMS OF THE STUDY

The effects of inoculation of exogenous AMF depend on several interacting abiotic
and biotic factors. Since sustainable agriculture attempts to utilize and thus favour
biologically-mediated soil processes, microbial interactions of inoculated AMF
with the indigenous microbial communities are highly probable, and just as diffi-
cult to predict. Regular inoculation of plant material would thus appear to be an
inappropriate strategy for utilizing AM. This was also indicated in a preliminary
study (Kahiluoto and Vestberg, 1998). The hypothesis formulated for further study,
therefore, was that promoted reliance on indigenous AMF communities through manage-
ment of the cropping system would have potential for the development of sustainable agri-
culture. Understanding the mycorrhizal systems and their response to management
is the prerequisite for their utilization and conservation. There was, however, little
information about AM in non-sterile soils of managed ecosystems and few studies
about the long-term effects of field management on functional aspects of AM. Myc-
orrhizal functioning in the Nordic climatic and edaphic conditions was particular-
ly poorly documented. Therefore, long-term field experiments in Finland were uti-
lized in this work.

Of all the manageable factors of the cropping system the soil P status has, be-
sides the crop, the clearest effect on AM. At the same time the soil P status is the
primary determining factor for the environmental load of Nordic agriculture, and
the economically exploitable P deposits are very limited. P is also often mentioned
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as the most problematic nutrient to replenish in sustainable agriculture. Therefore,
and because there were long-term experiments in progress on P fertilization in Fin-
land, this was chosen as the pilot management practice to study, for testing the hypothesis
formulated above. The most prominent AM effect is enhancement of crop P nutri-
tion which is also of most relevance to sustainable P management. This was taken,
along with the total contribution to crop growth, as a focus in the description of
the AM effects.

Our poor knowledge of the effects of field AMF communities and their re-
sponse to management is mainly due to problems in the creation of a valid control
with suppressed AM to assess the AM effectiveness in relevant conditions. The
limitations and advantages of various methods of creating the control were
known, but the most appropriate approach could not be chosen, because the meth-
ods had never been compared in the same study. Neither had any of them been
further developed for assessing AM effectiveness. These methods are irradiation,
especially by a low dose, use of fungicides such as benomyl, and use of non-myc-
orrhizal mutants. Because all these methods have limitations for use in the field,
there was a need for a bioassay that would be representative of the field. In addition to the
control, other choices requiring examination concerned the soil sampling time and
the test plant.

The contribution that the systems approach, including the human, soft dimen-
sion, might make to research on low organizational levels of agroecosystems has
largely been disregarded in discussions on improvement of research on sustainable
agriculture. Accordingly, the choices of systemism and their influence on the re-
search questions addressed, methods applied and conclusions drawn in this kind
of research are demonstrated and discussed (3,1 Methodologial considerations).
Use of methods focusing on different system levels of mycorrhiza to illustrate the
impact of management on the role of mycorrhiza for plant P nutrition (Figure 3)
also offered an opportunity to empirically study the significance of the systemism of
methods for the relevance of the results.
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The major research questions were

e Is it possible, in Nordic conditions, to promote utilization and conser
vation of field AMF communities by management of the cropping sytem?
* Does P fertilization decrease the contribution of AM to plant growth
and nutrient uptake, i.e. the AM effectiveness?

* How can the AM effectiveness of field soil be assessed?

* Do the conclusions in research on low organizational levels of agroeco-
systems depend on the systemism of the approach?

To be able to answer the first two questions it was necessary first to answer the last

two. Therefore, the results are presented and discussed in opposite order to the de-
ductive order of the questions above.



2 MATERIALS AND METHODS
Table 1 summarizes the experiments performed.

2.1 LONG-TERM EXPERIMENTS

The impact of cumulative P fertilization on AM was studied in two long-term ex-
periments begun in 1977. In both experiments, two P fertilization levels were uti-
lized, 0 and 45 kg P ha'a (OP and 45P, respectively), applied in a randomized com-
plete-block design with four blocks. The experiment with intermediate P availabili-
ty was situated on loam at the North Savo Research Station of the Agricultural Re-
search Centre of Finland at Maaninka (63°09'N 27°19°E) and the experiment with
low P availability on clay at the Southwest Finland Research Station at Mietoinen
(60°35'N 21°53°E). Before the establishment of the experiments, cereal had been
cultivated, with fertilization including P. Both experiments involved a cereal rota-
tion with autumn ploughing including barley and oats at Maaninka and barley,
oats and spring wheat (rape in 1985 and 1992) at Mietoinen. Barley predominated
on both locations, but especially at Maaninka. At the start of the experiments, the

P and P, _were 1.88 g kg, 43.6

total” © NaHCO3 H20

mg kg' and 11.4 mg kg at Maaninka and 1.04 g kg”, 33.4 mg kg and 4.6 mg kg™

concentrations of soil dry weight for P

at Mietoinen. Between 1977 and 1988, P was given as superphosphate (9% P) and
thereafter as double superphosphate (20% P). The annual rate of N application var-
ied from 50 to 80 at Maaninka and 99 to 115 kg N ha' a™* at Mietoinen. K was given
at the rate of 75 kg™ ha a! at Maaninka while no K was applied at Mietoinen. The
soil properties during this study are presented in paper IV: Table 1.

2.2 METHOD DEVELOPMENT

A method of creating a non-mycorrhizal control for assessing the AM effectiveness
of field soil by a bioassay in a growth chamber was developed. The relative AM ef-
fectiveness (RME) was assessed as the relative contribution to the growth or nutri-
ent uptake of the mycorrhizal plant. Two soil treatment experiments, six bioassays
and one field experiment were performed. The development of the bioassay was
based on the following criteria for an appropriate method: 1) no or only minor
change in soil conditions compared to the untreated field soil, 2) satisfactory sup-
pression of AM in the non-mycorrhizal control, and little change in AMF coloniza-
tion and AM functioning of the mycorrhizal treatment as compared with untreat-
ed soil and 3) difference in mycorrhization only between the mycorrhizal and
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non-mycorrhizal treatment. Furthermore, 4) the differences in mycorrhizal effec-
tiveness should be clearly indicated and 5) describe well the differences of effec-
tiveness in the field. Therefore two management histories with presumably differ-
ent effect on AM were included, and the use of mutants and benomyl was studied
also directly in the field where soil for bioassays was sampled. To increase the gen-
erality of the study, two different soil types with their indigenous AMF communi-

ties were employed.

Soil treatment experiments

To find out which soil treatment method of creating a non-mycorrhizal control least
changes the nutrient and toxic element status of soil, and whether the result depends
on the management history or soil type, two pot experiments were carried outin a
growth chamber (I). The methods compared were the incorporation of higher and
lower benomyl doses in the soil and gamma-irradiation of the soil with the recom-
mended or a lower dose (I: Table 2). The clay soil samples were taken from adjacent
fields of two farms with organic and conventional management practices, and the
loam samples from the long-term experiment on P fertilization at Maaninka (above)
(soil properties in I: Table 1). In each block, five subsamples were taken from the
ploughed layer (0-20 cm) and combined into one sample per block. The soil was gam-
ma-irradiated by 10 or 3 kGy in 5 cm layers, or treated with benomyl. Benomy]l (Ben-
late®, E.I. du Pont de Nemours & Co. Inc., USA), 10 or 20 mg a.i. (kg soil at target
moisture)”, was suspended in water and incorporated into the soil. The soil was kept
open at the target moisture at 22 °C to detoxify after irradiation and to allow the ben-
omyl to decompose. The blocks in the laboratory corresponded to the blocks in the
tield. The soil was sampled and analysed one month after the soil treatments.

Bioassays in the growth chamber

In two bioassays the methods of creating a non-mycorrhizal control were evaluated
by criteria relevant to mycorrhization and plant response. Besides the gamma-irradi-
ation and benomyl doses studied in the soil treatment experiments, the use of a non-
mycorrhizal host plant mutant was also studied. In addition, the effect of benomyl
incubation and equalizing of the non-mycorrhizal soil microbiota by sievings of un-
treated soil was investigated. Besides untreated soil, other mycorrhizal treatments
were included, created by AMF reinoculation of the irradiated soil with untreated
soil or soil sievings (I: Table 3). The bioassays were established on soil originating
from the soil treatment experiments.

On the basis of the experiments, benomyl was chosen as the most appropriate
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method of creating the non-mycorrhizal control. The use of benomyl was refined
in five subsequent bioassays on method development. In one bioassay, the effec-
tiveness of five benomyl doses and three benomyl application times in suppressing
AM was compared. As well, the dependence of rate effect on different humus con-
tents and indigenous AMF communities of the soil and on soil sampling time was
studied (II: Table 3). Soil with no P applications from the long-term experiment on
P fertilization at Maaninka, and soil from an organically managed field with a
three-year-old clover grass in another location were used (soil properties at sowing
in II: Table 2). The AMF communities of the two soils differed essentially.

Two additional bioassays were performed to confirm that the difference in plant
response to the benomyl application (see bioassays above) between the mycorrhizal
and non-mycorrhizal treatment was due only to mycorrhization. The phytotoxicity of
the same five benomyl doses and same three application times was studied with four
plant species in the Maaninka soil, irradiated by 10 kGy (II: Table 2).

A further bioassay examined the temporal variation in mycorrhizal infectivity
(evaluated as percentage root length colonized) and effectiveness (evaluated as rel-
ative contribution of AM to plant growth) and in the effect of benomyl on AM (in-
fectivity and effectiveness), as well as the dependence of the variation on the host
plant and soil. Infectivity and effectiveness at seven sampling dates were com-
pared with two host plants in three soils representing two soil types and climatic
conditions and three different management histories (II: Table 1). Benomyl 10 mg
(kg soil at target moisture)! was applied immediately before sowing to create a
control with suppressed AM. The loam soil originated from the long-term experi-
ment on P fertilization at Maaninka and the clay soil from a farm with organic
management. The same 2.5 m x 4 m plot of one block of the field experiment and
one of the farm were sampled repeatedly (soil properties in II: Table 2).

Soil for the bioassays was sampled in the same way as in the soil treatment ex-
periments. Fertilizers were used in an attempt to simulate the nutrient status of the
sampled field soil at the start of the growing season. They were diluted in water
and incorporated. The same dry weight of soil in each experiment was carefully
mixed with fertilizers, inoculum and water, and with benomyl when this was
used, separately for each 11 (7x26 cm) black PVC pot without drainage. In the
comparison of benomyl application times (II), one week after sowing the benomyl
suspension was dressed from the top and injected through thin tubes. Water was
added to 50 to 60% of water-holding capacity.

The test plant was oil-seed flax (Linum usitatissimum L.) cv. Linetta (Deutsche

Saatveredelung, Lippstadt-Bremen GmbH). The pea mutants tested in method

comparison (I) represented two phenotypically similar mutant lines, one mycor-
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rhizal and one non-mycorrhizal, of an early freezer pea (Pisum sativum L.) cv. Spar-
kle (Rogers Bros. Seed Co., Twin falls, Idaho, USA). In addition to flax, barley (Hor-
deum vulgare L.) cv. Arra (Agricultural Research Centre of Finland) was used in the
comparison of sampling times and barley, pea mutants and red clover (Trifolium
pratense) cv. Bjursele were additional test plants in the phytotoxicity experiments
(II). In unpublished test plant experiments, 10 northern crop plant species and sev-
eral cultivars (e.g. for Pisum sativum mutant lines) were compared in bioassays car-
ried out in untreated soil with benomyl-treated control and with different pot siz-
es, and in irradiated soil (see above) with different, inoculated AMF communities
and different P levels. The seeds were pregerminated and after emergence were
thinned to one (I) or three (II) seedlings per pot.

The pots were organized in the growth chamber in blocks so that the soils of the
blocks originated from separate blocks in the field. Within the blocks the treat-
ments were in random order, but in experiments with pairs of the same soil sample
with and without benomyl the pots were located next to each other. The pots were
watered three times a week to the target weight separately determined for each
pot, and simultaneously the pots or pairs of pots were circulated. Artificial lighting
was supplied by 36 W Gro-Lux Fluorescent Tubes (Sylvania, Germany) with a
16h/8h light/dark cycle. At emergence the light intensity was 80 to 100 and at the
top of the harvested plants 135 to 170 umol s'm 2. The temperature was 24/16 or
17°C + 0.5°C or 1.5°C depending on the experiment. The air CO, concentration var-
ied from 510 to 560 ppm at noon, and the relative humidity was 55 to 65%. The ex-
periments were harvested 28 days after sowing.

Field experiment

To clarify how representative the results obtained in the bioassay by the various
methods are for the field conditions, benomyl and the pea mutants were also studied
in a field experiment (I). Additionally, the potential of the mutants and benomy!l for
assessing mycorrhizal effectiveness directly in the field was investigated. The treat-
ments were myc* and myc mutants of pea, barley in untreated soil, and pea myc*
and barley with benomyl 125 mg a.i. (kg soil)" divided into two applications. The pea
mutant lines and the barley cultivar were the same as in the bioassays. The field ex-
periment was of split-plot design with four blocks. The main plots were the two P
levels of the long-term experiment at Maaninka. The methods of inhibiting AM func-
tioning were randomized into subplots within each main plot.

The size of the subplots with barley was 2.5 m? and the size of those with pea 1
m? consisting of one 2.5 m long pea mutant row with 8 pea plants and border rows

around. The soil was moistened and benomyl was suspended in an amount of wa-
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ter corresponding to the water-holding capacity of the ploughed layer and incor-
porated, in two applications, with a rotary hoe to a depth of 16 cm. The plots were
fertilized according to the practice in the long-term experiment. Pea and barley

were sampled at flowering and harvested at maturity.

2.3 BIOASSAYS IN THE GROWTH CHAMBER

Three different bioassays were performed to test, at three different system levels of
AM, the hypothesis that cumulative P fertilization reduces the AM effectiveness
(Figure 3). Bioassay 1 studied the impact of P fertilization on total AM effectiveness
and infectivity in field soil, and its dependence on N supply and crop. The bio-
assay was used to achieve valid non-mycorrhizal controls for assessing AM effec-
tiveness, which is not always successful in the field. Bioassay 2 investigated the
mode of action of cumulative P fertilization through changes in the properties of
the AMF communities. The contributions to effects of the AMF communities were
compared in standard conditions. Bioassay 3 clarified the impact of the cumulative
P fertilization on the AMF hyphal P transport capacity. Bioassays 1 and 2 (IV) were
carried out for both long-term field experiments, Maaninka and Mietoinen, while
Bioassay 3 (IlI) was performed for the Maaninka field only.

Figure 3. System level of AM focused on in the assay

Bioassay 1,
Field assay

Bioassay 2
(cross- and reinoculations)

Bioassay 3
(hyphal P transport)
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Soil samples from long-term experiments

The soil samples for bioassays in the growth chamber were taken from the long-
term P fertilization experiments. For the field assay (see below), five fertilization
treatments were randomized into subplots within each OP and 45P whole plot. Be-
cause Bioassay 1 included the same treatments as the field assay, soil for the pots of
the treatments was sampled from the subplots of the corresponding treatments in
each block in the field. The results of the bioassays could thus be compared with
the results of the field assays. For Bioassays 2 and 3, one sample per management
history and block was taken from the whole plots of the OP and 45P field treat-
ments. For all the bioassays, five subsamples from each plot were collected from
the ploughed layer (0-20 cm), and combined into one composite sample. The sam-
ples for Bioassays 1 and 2 were collected on 12 to 13 May 1997 before application
of the fertilizer treatments of the field assay, and for Bioassay 3 on 11 September
1995 before ploughing. In addition, soil samples were collected from OP and 45P
plots to determine the effect of the treatments on the spore densities and species
composition of the AMF community. Sampling was carried out on 14 June, 14 Au-
gust and 30 October in 1995 at Maaninka, and 15 June, 18 August, and 21 October
in 1998 at Mietoinen. Six subsamples per plot from each block were collected to a
depth of 15 cm and pooled together to form one composite sample per block for
both long-term fertilization treatments.

Bioassay 1

The impact of the two P fertilization histories of the Maaninka long-term field ex-
periment (OP and 45P) on mycorrhizal infectivity, effectiveness and P response
(Abbott and Robson, 1984) was studied with the developed bioassay (above, I, II)
on flax (IV). The impact of omitting the last P application in soil with annual P
dressings and the dependence of the P effect on N supply and the crop were also
studied. For the Mietoinen field, only the effects of the P fertilization history and of
omitting the last P dressing were investigated.

The treatments for the bioassay of the Maaninka field were as follows: OP
with three P application treatments, 0, 45 and 90 kg haa™ (0P+0P, 0P+45P,
0P+90P, respectively); a treatment with half of the moderate N dose with the an-
nual treatment 0P+0P; and 45P with the same treatments (45P+0P, 45P+45P,
45P+90P and 45P+45P with half N dose). For the bioassay of the Mietoinen field
the treatments were only OP+0P, 45P+45P, 45P+0P. In addition to flax, red clover
was included in the bioassays for both the Maaninka and Mietoinen fields, and

barley was included in the bioassay for the Mietoinen field because the soil P
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availability there was lower than at Maaninka. For every treatment there was a
control with AM suppressed by benomyl.

Bioassay 1 was performed similarly to the bioassays with pairs of pots with and
without benomyl described in Method development (II), with the following excep-
tions. N and K were diluted in water and applied as a drench. For clover no N was
used. Superphosphate was mixed dry with a small amount of dry field soil and in-

corporated. The mean soil contents of P, for all the treatments are presented in

H20
IV. Red clover (Trifolium pratense L.) cv. Jokioinen (Agricultural Research Centre of

Finland) and barley (Hordeum vulgare L.) cv. Artturi (Boreal) were used. The tem-

perature in the growth chamber was 24/16°C + 3°C.

Bioassay 2

The difference in the infectivity and effectiveness of the AMF communities with
the two P fertilization histories at Maaninka and Mietoinen and the dependence of
this difference on the soil conditions were investigated in two cross-inoculation ex-
periments, one for each field (IV). The method had been tested previously (I).

10% of the sample of untreated soil was stored at 5°C to be used as the microbi-
al inoculum, and the rest of the sample was irradiated by 10 kGy. Besides irradiat-
ed soil (0P and 45P) there were three other factors in the experiment: inoculum soil
(OP and 45P), inoculum amount (5 and 10%) and plant (flax and clover,
see Bioassay 1). In the bioassay for Mietoinen, inoculum amount was not a factor
and 5% was used. The difference in the effect of the inocula from the OP and 45P
soils on growth and nutrient uptake was interpreted as a difference in the effect of
AME. Untreated OP and 45P soils with their AMF communities were reinoculated
to both of the irradiated OP and 45P soils in the amount of 5 or 10% w/w (dry
weight) soil. Thus there were 16 irradiated soil by inoculum soil by inoculum
amount by test plant combinations. The experiment was performed like the other
bioassays but, because of the nutrient flush by partial sterilization, with no fertili-

zation. The soil nutrient contents are given in IV.

Bioassay 3
The impact of the cumulative P fertilization on the P transport capacity of AMF hy-

phal length unit was assessed in Bioassay 3 (III). The soil samples were air-dried,
sieved and stored until use in 1997. Pots were 1.5 1 in volume with two compart-
ments. The main compartment was for the root system including AMF. The other
compartment was separated by a mesh and only the hyphae had access there (III:
Figure 1). The main compartment contained untreated field soil from one of the P re-
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gimes, while the hyphal compartment was filled with low-P soil irradiated by 10 kGy
and mixed with carrier-free \* HEX *P. Aqueous nutrient solution not containing P
was mixed with all soils. The pots were used to measure the growth and P uptake of
mycorrhizal plants and hyphal #P transport by the field communities of AMF. The
contribution of AMF to plant growth and P uptake was measured, creating the con-
trol with benomyl as in Bioassay 1. The bioassay was performed similarly to Bio-
assays 1 and 2 with the following exceptions. The pots were placed in a completely
randomized order in a growth chamber at 22°C/18°C and at a light intensity of 500-
550 umol m?s* PAR. N in aqueous solution was supplied to each pot during the
growth period as required. The pots with no benomyl were harvested 23, 27 and 32
days after sowing, and the pots with benomyl 27 days after sowing.

2.4 FIELD ASSAYs

Even though the bioassays evidently show the relative impact of contrasting crop-
ping histories on AM effectiveness (I), the conditions in a growth chamber assay are
not exactly the same as in the field. Therefore, one field assay within each long-term
field experiment (Maaninka and Mietoinen) was performed to clarify the practical
significance of the impact of cumulative P fertilization on AM in northern field condi-
tions (V).

The field assays were established in 1997 within the long-term field experi-
ments, one for the Maaninka and one for the Mietoinen field. The impact on the
same response variables and their dependence on the same interacting factors as in
Bioassay 1 was studied on flax. Five fertilization treatments were randomized into
subplots within each OP and 45P whole plot. The treatments for both fields were
the same as in Bioassay 1 for Maaninka, except that the additional test plant be-
sides flax (red clover at Maaninka and barley at Mietoinen) was used only for the
annual treatments OP+0P and 45P+45P. The two subsubplot treatments with and
without benomyl 125 mg a.i. (kg soil in the 20 cm deep plow layer)" were rand-
omized within the subplots. The full dose of N was at Maaninka 80 and at Mietoi-
nen 109 kg ha™. For clover, no N was added.

The sizes of the subsubplots were 2.50 m? (1.23 m? harvested) for flax and
barley and 3.50 m? (1.93 m?harvested) for red clover. Benomyl was incorporated
as in the field experiment described in Method development above, but less wa-
ter was used, and at Maaninka benomyl was added in one application (V). The
soil nutrient contents of the treatments are presented in paper V. The crops were
cultivated according to normal agricultural practices. The roots were sampled
twice for assessment of AMF colonization and the shoots once before the har-
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vest. In 1999, the experiment for barley at Mietoinen was repeated in the same

plots because the harvested seed lots of 1997 were lost.

2.5 ANALYSES

Soil pH was determined by 0.01 M CaCl, extraction (Ryti, 1965). Plant-available
soil P was determined by water extraction (van der Paauw, 1971) because water-ex-
tractable P well illustrates the P status of Finnish mineral soils (Hartikainen, 1982)
and by sodium bicarbonate extraction (Olsen et al., 1954) to allow comparison with
other European results. Total P content of soil was determined by wet digestion
with concentrated H,SO,, H,O, and HF, and the exchangeable cations by 1 M am-
monium acetate extraction (Thomas, 1982), and analysed by inductively coupled
plasma spectrometry (ICP). The soil mineral N content was determined from fro-
NH4+ and NNO3

centrations colorimetrically with a Skalar autoanalyser (Linden, 1981, Keeney and

zen (-18°C) samples by 2M KCl extraction and by measuring N _con-
Nelson, 1982). Aluminium (Al), Cu, iron (Fe) and Mn were extracted with acid am-
monium acetate - ethylenediaminetetracetic acid solution (AAAc - EDTA)
(Lakanen and Ervio, 1971) and determined by ICP.

The effects of soil treatments on microbial activity were not only studied
through changes in soil nutrient status (I). In the field experiment, the effect of ben-
omyl and AM formation of pea mutants on decomposition was studied by the
mesh bag method (Berg et al., 1987, Miiller, 1987). 1 to 1.1 g air-dry clover leaves
(without petioles) and barley straw of a known moisture content were weighed
into polyester bags (mesh size 0.2x0.2 mm, size of bags 5x5cm), which were placed
in the soil in an upright position, the top at 5 cm below the soil surface and with 2
to 3 cm between bags. Because of the scarcity of bags, the clover leaf bags were set
only in the soil of the lower P level. One clover leaf bag per plot was dug up one
and two months later, and one clover leaf bag and one barley straw bag were dug
up at harvest. The bags were gently washed and dried at 60 °C overnight. The de-
crease in dry weight was measured.

The spore densities were determined by centrifugation and sugar flotation
(Vére et al., 1992) and spores were identified. Diversity indexes were not calculated
owing to the relatively high proportion of unidentifiable spores (V). A representa-
tive sample of the root system was cleared with KOH (Kormanik and McGraw,
1982) and stained with methyl blue (Grace and Stribley, 1991) and the percentage
of colonized root length was determined by the gridline intersect method (Giovan-
netti and Mosse, 1980). Hyphal length was determined from samples taken 5 to 6
cm below the soil surface in the pots (Jakobsen et al., 1992a) (11, III).

The shoots and roots were cleaned and dried at 60 °C. Root dry weight was not
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determined in the bioassays of studies II and IV because of the lack of consistent
differences in root growth or P uptake response to AM in method comparisons (I,
II). Plant P, K, Ca, Mg, Cu, Zn and S contents were determined by wet burning and
ICP by ARL 3580 OES (Huang and Schulte, 1985). For study III, root and shoot P
concentrations were determined in the diluted digests by the molybdate blue
method (Murphy and Riley, 1962). Shoot N content was measured by the Dumas
method using a Leco® FP-428 protein analyser at 950 °C with a high flow profile.
Dried plant materials were digested in a solution of nitric/perchloric acid (4:1, v/
v). The diluted digest was analysed for **P content with a Packard TR1900 liquid
scintillation counter using the Cerenkov analysis. The inflow of P through the hy-
phae to the plants was estimated as an overall mean of both P levels by using the
equation of Nye and Tinker (1977): Inflow, , = (*P,~*P,) x (In H-In H)) x (-t,)" x
(H,-H,)" where *P is content of **P in plants, H is hyphal length in labelled soil, t is
time of harvest, and subscript numbers refer to the two different times of harvest.

The relative mycorrhizal effectiveness (RME) is presented as the mycorrhizal con-
tribution to the growth (or nutrient uptake) of the mycorrhizal plant and defined by
the following formula: RME (%) = [(Y™<" -Y™<) / (Y™")] x 100 where Y™ and Y™
are the dry weights (or nutrient uptake rates) of the mycorrhizal treatment and the
control with inhibited AM functioning, respectively. The absolute contribution of AM
is, correspondingly, the difference in growth or nutrient uptake between the mycor-
rhizal treatment and the control with inhibited mycorrhiza.

2.6 STATISTICAL METHODS

The statistical analyses of nutrient concentrations, uptake rates and dry weights, as
well as the analyses of mycorrhizal effectiveness and decomposition, were based
on common linear mixed models (Littell et al., 1996). All models were fitted using
the residual maximum likelihood (REML) estimation method. The distributional
assumptions of the models, normality of the response variable and variance homo-
geneity across groups were checked by graphic plots. Planned comparisons be-
tween means were made by two-sided t-type tests or 95% confidence intervals, ex-
cept in the field assays, where 90% confidence intervals were used.

Generalized linear mixed models (Littell et al., 1996) were used in the statistical
analyses of the number of infected roots and spore densities; in accordance with
their names, these models are based on more general assumptions than linear
mixed models. The response variables, for instance, do not need to be normally
distributed but other probability distributions can be used. Furthermore, in linear

mixed models M, the expected value of the observations y, is assumed to be a line-
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ar function of the explanatory variables but in generalized linear mixed models
some function of M, g(M,), is assumed to be linearly related to the explanatory
variables. The function g is called a link function. In analysing the number of in-
fected roots, we assumed that the response was binomially distributed and that the
logit link function was adequate. In the analyses of the spore densities, a Poisson
distribution and identity link function were used. Accordances of the data with the
models were checked by graphic plots. Comparisons between groups were made
by two-sided t-type tests. Some data included discrepant observations whose dis-
crepancy could not be explained and their influence on the results was examined
by analysing the data with and without them. The analyses were performed using
SAS software (Littell et al., 1996). The statistical methods used in III are specified in
III: Tables 2 and 3.

3 RESULTS AND DISCUSSION

3.1 METHODOLOGICAL CONSIDERATIONS

The effort to relevance for sustainability with a community orientation (Douglass,
1984; Thompson, 1992, 1997; Alree and Kristensen, 1998; IFOAM, 1998, see 1.2) is re-
flected in this study by an attempt to view the food, agricultural and natural resource
situations as if they were systems, and finally focus on subsystems, not the other way
around (Wilson and Morren, 1990). Characteristics of the soft systems approach (see
1.1) thus appear in the explicit choice of the community-oriented, systemic perspec-
tive of sustainability as the starting point, in the description of the problematic situa-
tion and the improved human activity system within this reference frame (in 1.2), in
the prioritization (in 1.2) and conceptualization (in 1.3, discussed below) of the re-
search object, and in the choice of a systems management strategy (in 1.4, discussed
below). These choices were further reflected in the choice of research methods (in 1.5,
discussed below). No particular systems methodology (e.g., Spedding, 1979; Check-
land, 1981; Bawden et al., 1985; Conway, 1985) was implemented, however. A more
participatory and interdisciplinary approach would be both possible and useful for
embracing multiple perspectives in perceiving the problem situation as well as in re-
search for management of AM. In this section, methodological choices of this work,
and their impact, are described and discussed. The focus is in the choices related to

systemism.
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The discourse of sustainability relied on determines the strategy to be em-
ployed for management of AM (see 1.2): an inoculation strategy resting on non-re-
newable resources, exogenous biological material and remote expertise for inocu-
lum production in growth chambers and greenhouses is applied, or a systems
management strategy which relies on local ecosystem services such as field AMF
communities which was the strategy of this work (see 1.4). Choices of ultimate
goals of management of AM concern the maximizing of yield, maximizing the effi-
ciency of P in fertilizers while compromising or not compromising the yield per
unit field area (Gianinazzi-Pearson, 1986; Mosse, 1986; Abbott and Robson, 1991b;
Miller et al., 1994), or maximizing the reliance on AM such as here, and on P in soil
and recycled organic matter. Minimum P loss to waters could be sought for within
the constraints of each of these choices. Yet an other goal could be to maximize
profit within given economic constraints (Miller et al., 1994). The choice of major
importance is, whether to accept substitution of finite and imported resources such
as P fertilizers, the use of which loads the environment, for a local resource, field
area. These choices determine, whether it is preferable to maximize RME, i.e. rela-
tive contribution of AM needed to maximize the reliance on AM, or to maximize
the absolute contribution of AM to plant growth (compare I1I, IV, V). The impacts
of management on the relative and absolute contribution of AM to nutrient uptake
and growth were similar in this study, if the field conditions were simulated (IV,
V), but not in novel conditions (II, see below). All the above choices affect the con-
clusions on the management options.

A conceptual framework for management of AM in the field by inoculation
with selected AMF or by choice of agricultural practice was discussed by Abbott
and Robson (1991b), who set a goal of maximizing mycorrhization (see also Smith
et al., 1992). Miller et al. (1994) further discussed use of soil and crop management
practices as an alternative strategy to inoculations, to promote AM effectiveness in
terms of plant growth. Their approach represents a notable step towards a more
systemic approach for they focus on and utilize interrelations between plant, soil
and fungus. Nevertheless, AMF and not the interactions of the three partners
(plant, fungus, soil) was taken as the object of management. The same applies to
the work of Johnson (1993) and Johnson et al. (1992a,b). Conceptual extension was
needed. Besides the changes obtainable in AMF individuals and the AMF commu-
nity, the changes in the effects of the unchanged fungal structures deserve atten-
tion. Changes in these effects can be imposed by modifying soil conditions (e.g.
soil P status and P sources), or by modifying plant-genotypic AM dependence and
characteristics of the plant community. This expanded focus embraces the interre-
lations both between the three partners and between the hierarchical levels and
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scales of the plant and soil communities, farm (e.g. grazing animals) and food sys-
tem (e.g. recycling of organic matter) as the management object. This allows a wid-
er selection of modes of action for implementation (see 1.4 and Figure 1). Attempts
towards a systems approach was presented also by Johnson et al. (1997).

The results of our study emphasize the need for this kind of conceptual en-
hancement. They indicate that the impact of management on the contribution of
AM to crop growth or nutrient uptake is often more due to a change in the condi-
tions in which the AMF individual or AMF community functions than to a change
in the size or structure of AMF individuals or the AMF community (IIL IV, V, Ka-
hiluoto and Vestberg, 1999). Thus, approaching mycorrhiza as a system with a deli-
cate balance between plant, fungus and soil instead of focusing on AMF as the
management object, crucially affected the results.

In the context of sustainability, in a study on the management effects on AM it is
necessary to include the long-term impact of a repeated cultivation practice. More-
over, the long-term and short-term impacts need to be distinguished (see 1.3, Figure
2). This was emphasized by the qualitative difference in the effect of a single P appli-
cation and the cumulative effect of the annual applications (IV: Figures 1b,d and 2b,d,
Table 5; V: Figures 1 to 4, b,d, Table 5). The difference was even more dramatic in a
cropping system comparison, where the preceding-crop effect could overwhelm the
long-term effect of a system (Kahiluoto and Vestberg, 1999). Both cumulative effects
through abiotic soil properties on AM (IV: Figures 1b,d and 2b,d compared with Ta-
ble 7; V: Figures 1 to 4, b,d, compared with Table 7), and micro-evolutionary effects
on AMF (IV: Table 7) by P fertilization were shown. However, the same species com-
position of the AMF community seemed to dominate over the whole long-term ex-
perimental field at both sites, with no clear response to the P histories (V: Table 7).
This was also found elsewhere (Kahiluoto and Vestberg, 1999). There remains some
uncertainty, however, as to the validity of the latter finding due to the practical prob-
lems of preventing the distribution of the AMF propagules to other experimental
plots by hyphal growth, surface waters, soil (Sibbesen et al., 1995) and machines and
on the feet of people and animals. Use of large plots spatially separated from each
other, the construction of permanent barriers between plots, and cleaning of ma-
chines between the treatments would reduce the problem. The problem could be
avoided in a comparison of a farm pair with adjacent fields with contrasting manage-
ment systems and separated by a ditch. The impact of long-term management on the
AMF community needs to be confirmed using such an approach (Reganold et al.,
1987; Kahiluoto and Vestberg, 2000).

Because of the difficulties of creating a valid and relevant non-mycorrhizal con-
trol directly in the field (Fitter, 1986; McGonigle and Fitter, 1988; Thingstrup et al.,
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1998), relative AM effectiveness (RME) was assessed with of a bioassay in a growth
chamber. Both the bioassay (I, II, IV) and the field assay (I, V) have one notable
limitation, however. RME estimated in a bioassay or within one or a few growing
seasons in the field indicates an acute, crop-related AM effectiveness of the soil
studied. Thus, the effect of AM on crop growth and nutrient uptake through
changes in soil factors caused by AM at long term is excluded in this kind of as-
sessment (see 1.3, Figure 2). The indirect AM effects through soil could be included
only with a long-term control in the field, the creation of which is impracticable.
Neither are the environmental influences of AM directly covered. The bioassay
that was developed simulates arable cropping more successfully than long-term
grasslands because the conditions of infection with no established, overwintering
hyphal networks (Addy et al., 1994) are more relevant to this. This bioassay repre-
sents a higher system level (soil-plant system) and yields results more relevant to
plant nutrient availability than chemical extractions, which exclude the biological-
ly mediated processes. The difference in system level focused on, between the two
approaches, is analogous to the difference between the process-focused assessment
of decomposition of plant remains in this study as a relevant indicator for soil bio-
logical activity (see 3.3 Conceptual model of the impact of P on AM, Time perspec-
tive) and, for example, assessment of enzyme activities or soil respiration. Because
of its holistic tendency (Bunge, 1985), the bioassay approach still requires a well-
planned strategy for problem determination and operationalization.

Choices related to the degree of systemism also affect the relevance of the bio-
assay results. As an example, in AM research nutrients other than P are commonly
supplied in excess, in an attempt to determine the cause - effect relation of the P
supply only. This reductionist approach disregards essential interactions. In our
work, results were different when N was and was not applied in excess dose (I1I:
Table 1 compared with I: Figures 3c, 4a and 5a; II: Figure 1b; IV: Figures 1a,b and 2
a,b). When the nutrient status in the Maaninka field was simulated in the bioassay
(I, 1L, IV), both the relative (RME) and the absolute contribution of AM to growth
and nutrient uptake was noticeably lower in soil with cumulative P than in soil
with no P applications. In contrast, when N was in excess, no difference in absolute
contribution of AM to P uptake between the histories was observed. The reason is
that in P-fertilized soil with no limiting P notably faster growth was achieved
when N was in excess than when N was limiting such as it was in the field. This
means that P uptake was increased when N was in excess and so too the absolute
contribution of AM to P uptake. In addition, N supply interacts with the impact of
P on mycorrhization (V, Sylvia and Neal, 1990) and therefore may interact with the

impact of P on AM effectiveness, too. The results obtained with excess of other nu-
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trients do not correspond to the field situation, especially not in sustainable agri-
culture. As an alternative to field simulation, an abundance of other nutrients
could be included as an additional factor to bioassays such as for N in experiments
reported in papers IV and V. Another example of choices related to systemism in
the bioassays is, whether the soil is used fresh or as air-dried, sieved and stored ac-
cording to a commonly applied practice (compare III to I, II, IV). This may affect
the AMF community and its functions as well as the interacting soil conditions,
and thus the conclusions. Johnson et al. (1999), too, emphasize the importance of
mimicking the field conditions in bioassays assessing AM.

The dominating approach to elucidating underlying mechanisms is to break
down a complex system and focus on the key part in standardized conditions. This
approach is demonstrated in the current practice of assaying the hyphal P or N
transport from the **P- or ®N-labelled hyphal compartment (see 1.5). The assay is
valuable in describing one possible mode of action of a management on AM: the
impact on the potential of a hyphal length unit of the AMF community to take up
and transport nutrients from soil with a standard nutrient status (Figure 4). If the
plants grow in the untreated field soil with the management studied (III), then the
impact of the management on total nutrient transport potential of the AMF com-
munities from standard soil can be determined. However, conclusions drawn on
the basis of this assay about the contribution of AM to the P or N uptake by crops,
even for the experimental conditions, are misleading (compare e.g. Schweiger and
Jakobsen, 1999; Mader et al., 2000). Essential interactions, such as the C costs of
AM which decrease nutrient uptake by roots, are here ignored. High share of hy-
phal P uptake does not necessarily mean that AM increases plant P uptake, be-
cause AM may be a more costly strategy than uptake by roots for a plant with an
abundant nutrient supply (V). The relation of costs and beneficial functions may
also vary among AMF communities (e.g., Johnson, 1993) and with other condi-
tions. Variation in C costs often determines the difference in AM effect more than
does variation in the function (Raju et al., 1990).

Hyphal assay did not reveal any clear difference between the P histories in hy-
phal P transport capacity, but there were notable differences in the contribution of
AM to P uptake (higher organization level) in field soil (IV: Figures 1a,b and 2a,b,
Table 4; V: Figures 2, 4, Table 4). This result shows how important it is to relate the
conclusions to the system level considered (Figure 3), and to include all the essen-
tial interactions on the level where the results are applied. Further, the above ex-
amples emphasize that the suprasystem of interest determines the approach ap-
propriate to obtaining relevant results in research on the subsystems.
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3.2 Broassay oF AM EFFECTIVENESS

Treatment with benomyl was the most appropriate method for creating the non-
mycorrhizal control for assessing AM effectiveness of field soils (I). Representative
results were obtained with use of a standard test plant and standard soil sampling
time. In contrast to the minor changes in N supply caused by benomy], irrespective
of the dose, irradiation increased the N supply manifold due to decomposition
flush (I: Figure 1b,c). In clay with high organic matter content, the increase caused
by the common dose of 10 kGy was considerably higher than the increase with the
low dose of 3 kGy. The 10 kGy dose also reduced nitrification, as shown by the
high proportion of N . Irradiation improved P availability, too, despite rapid fix-
ation by soil and no increase in extractable P after the flush (I: Figure 1a). The
change was shown by a higher P concentration and doubled P uptake by the myc-
orrhizal flax at the lower P level in soil irradiated by 10 kGy than in soil irradiated
by 3 kGy (I: Figure 3a,c, Table 5). The same phenomenon was observed earlier by
Thompson (1990). In contrast to the small increases in soil extractable P sometimes
observed with irradiation (Eno and Popenoe, 1964; Jakobsen and Andersen, 1982;
Jakobsen, 1984), no increase was or has been shown with the benomyl treatment (I:
Figure 1a; Fitter and Nichols, 1988; Bentivenga and Hetrick, 1991). Where P was
not limiting, the elevated N supply increased growth in irradiated soil relative to
benomyl-treated soil.

The drastic change in nutrient and microbial conditions caused by irradiation
required the use of irradiated and reinoculated soil as the mycorrhizal treatment
for comparison with the irradiated control, while untreated soil could be used with
benomyl. The considerably lower percentage of root length colonized in reinocu-
lated than in untreated soil (I: Figure 2), also observed by Trouvelot et al. (1996),
notably reduced growth. The effect of inoculation with soil extract was even more
unsatisfactory than inoculation with 5% (w/w) untreated soil. In the control creat-
ed by irradiation, suppression of AMF colonization was almost complete even
with the lower irradiation dose. The incomplete suppression by benomyl was not
reflected as a difference in growth or P uptake relative to the irradiated soil (I: Fig-
ures 3¢, 4a). In fact, hyphal length correlated better than colonization level with the
effect of benomyl on growth and P uptake (11, III). Hyphal length (II, III) or hyphal
P transport (III) in the benomyl-treated soil did not differ from those values in the
irradiated soil. When incorporated in soil, benomyl probably mainly affects the ex-
tramatrical hyphae and secondary hyphal growth, while the internal colonization
which is protected by the plant tissue is not reduced to the same extent. According-

ly, notable reductions in plant growth and P uptake were observed with benomyl
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despite a relatively high percentage of root colonized or no effect on root coloniza-
tion (I: Figures 2, 3¢, 4a; Tables 5, 6; II: Figure 1; III: Table 1). The same was ob-
served in earlier studies (e.g. Bailey and Safir, 1978). The total root length colo-
nized responds to benomyl more conclusively than does percentage colonization
(III: Table 1) because benomyl suppresses AM functioning and may therefore de-
crease plant and also root growth.

No problems were observed in the validity of the measurement since, other
than mycorrhization, no evidence of differences was found between the chosen
mycorrhizal treatments and the controls (I). This was also true for the myc* and
myc mutant lines, in agreement with the earlier observations on phenotypic simi-
larity in non-mycorrhizal conditions (Kneen et al., 1994). Unfortunately, the lines
did not respond to AM. Reinoculation of the non-mycorrhizal microbiota to the
controls with suppressed mycorrhization seemed to be unnecessary because it did
not affect any of the results in the bioassay (I). Nor did benomyl have any measur-
able effect on the decomposition of plant remains in the field (unpublished results,
2.2 Method development, Field experiment). The effects of benomyl on soil nutri-
ents and microflora have generally been weak (Helweg, 1973; van Faassen, 1974;
de Bertoldi et al., 1977; Habte, 1997). However, in some cases AM effectiveness
might be underestimated with benomyl treatment, because traces of mycorrhiza-
tion and the interference of root pathogens cannot be excluded.

The assay with the control created using benomyl, exhibited the highest RME
or contribution to growth and P uptake (I: Figure 5, Tables 5, 6), mainly due to
higher mycorrhization in the mycorrhizal treatment. No clear difference in the
methods was evident in the ability to differentiate AM effectiveness between the
management histories, but the tendency observed in clay was in favour of the ben-
omyl method. The effects on roots were inconsistent and should be excluded when
calculating RME (I, II). Root growth response is not of interest either, because the
hyphae compensate root functions.

Thus, benomyl proved to be the most appropriate method of creating the control
because it allowed the use of a responsive host with no limitation on the selection of
non-mycorrhizal mutants, and the distortion of assessment was less than with the
various irradiation doses. The most effective benomyl dose and application time with
no phytotoxicity was determined (II): incorporation of benomyl at 20 mg kg™ (kg soil
at target moisture)?, i.e. 25 mg (kg dry soil)?, immediately before sowing provided
the most effective suppression of AM, irrespective of the soil and sampling time (I1:
Figures 2, 3a,c, 4a, 5, 6, Table 4). The improvement over the dose of 10 mg kg™ was
not great, however (II: Figures 3c, 4a, Table 4). This is in agreement with the results of
Schreiner and Bethlenfalvay (1997) who showed that benomyl applied at 20 mg (kg
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air-dry soil)* inhibited spore germination in all three AMF isolates tested, in contrast
to 10 mg kg which had variable effects on the isolates. Injection one week after sow-
ing was less effective, possibly because of uneven penetration. This was also the only
benomyl treatment with a clear phytotoxic effect.

Although the success of benomyl in creating a non-mycorrhizal control was not
dependent on soil sampling time (II: Figure 1), the most appropriate sampling time
for assessing AM effectiveness in terms of growth or nutrient uptake was in
spring, before the start of the growing season. Infectivity was highest after the
spring thaw, and after a decline in summer it increased towards the autumn, irre-
spective of soil or management history. This pattern was evidently due to variation
in the density of vital propagules and P availability. Temporal variation in AM in-
fectivity has also been observed by Sanders (1993). In soils with high AM potential,
RME followed infectivity: it was highest in the spring and high again in the au-
tumn, irrespective of the plant species. In soil with a high P level and thus low AM
potential, however, the temporal variation in RME was opposite to that in soils
with high AM potential. Evidently, the heavy mycorrhization in soil sampled in
spring and autumn increased the C cost while the benefit from AM at the high P
level was small. Therefore, in summer the opposite patterns in RME in soils with
high and low AM potential reduced the difference in RME between the soils. The
other possible sampling time besides spring is autumn, when infectivity and effec-
tiveness are close to that in spring. Sampling in spring is more relevant to the con-
ditions of infection in the field, however, and the difficulties of autumn sampling
in simulating the nutrient status at infection are avoided.

Linseed flax (Linum usitatissimum) cv. Linetta proved to be the most appropriate

standard test plant. It was responsive to AM over a wide range of fungal diversity

and soil conditions, while clearly indicating differences in mycorrhizal effective-
ness between fungal communities and soil states (unpublished results of test plant
comparisons, data not shown; I, II: Figures 1, 5, 6, Table 4; IV: Figures 1, 2, Tables 3,
4,5,7). Flax is also a crop of increasing economic importance. Because of the func-
tional compatibility of the three partners of AM (plant-soil-fungus) (unpublished
results, IV: Tables 2, 7) an other plant species relevant to the cropping system in
question should be included as well. Appropriate choices for northern sustainable
agriculture with soils of relatively low P are red clover and white clover (Trifolium
repens). They, however, require a greater number of plant individuals per pot or
more pots per treatment than flax, owing to high genotypic variation between the
individual plants (unpublished results, IV). Use of myc mutants would avoid the
disruptive soil treatments as well as the safety and environmental problems of

benomyl. However, their use would require development of a selection of isogenic,
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phenotypically comparable pairs of mutants of genotypes responsive to AM in a
variety of conditions, and relevant to various agroecosystems. For infectivity stud-
ies, Johnson et al. (1999) have recommended the use of a standard test plant (e.g.
Trifolium repens), or as a possible alternative, a plant species relevant to the system.

The colonization levels in the bioassay were close to those in the field in July,
confirming the appropriateness of the bioassay in assessing infectivity (IV: Tables
3,7; V: Table 3). Parallel differences in RME were generally found between the
management histories in the field and the bioassay in the growth chamber (I: Table
7,1V: Figures 1b,d and 2b,d, Table 4, in comparison with V: Figures 1 to 4, b,d, Ta-
ble 4). It turned out, however, that the transient negative response due to a very
low P supply might confound the conclusions of a short bioassay. Thus, in assess-
ing the AM effectiveness of soils with P, of about 5 mg kg or below, the inclu-
sion of a test plant with low P demand such as clover is useful. Still, this study in-
dicates that the C consumption by continuing hyphal growth may be crucial for
the total plant response to AM at harvest. To better predict that response, a longer
growth period than four weeks, possibly combined with increased soil volume de-
pending on the test plant, would be useful. Johnson et al. (1999) have pointed out
that the optimum duration of bioassays on mycorrhiza should be determined in a
pilot study for each system. They suggested a duration of 2-6 weeks for AM, yet
discussed the assessment of infectivity only.

The superiority of benomyl and the most appropriate soil sampling time, beno-
myl dose and application time did not vary for the various soils, with their differ-
ent AMF communities and origins from various latitudes and coastal to inland cli-
matic conditions within Finland (I: Figures 2, 3, 4, 5, Tables 5, 6; II: Figures 1, 2, 3, 4,
Table 4). The results might thus be applicable to most North European field soils
and even other soils subject to thaw. This bioassay serves research on management
of field AMF and allows standardization for practical purposes. The chemical ex-
traction of soil P could be complemented by the determination of RME, and possi-
bly infectivity, in this kind of bioassay as a means of better describing field soil P
availability and its problems.

In conclusion, for mycorrhizal infectivity and relative AM effectiveness of field
soils, representative results are achieved in a bioassay of soil sampled in the spring
after the thaw. The most appropriate control is created with suppression of mycor-
rhization by 20 mg (kg soil in target moisture)’ benomyl incorporated in the soil
immediately before sowing. Flax is an appropriate test plant together with a crop
relevant to the particular agroecosystem.
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3.3 CONCEPTUAL MODEL OF THE IMPACT OF P oN AM

A conceptual model of the impact of P on AM effectiveness is presented on the basis

of the suggestions of this study, supplemented by earlier findings. The model is an

attempt to understand the dynamics of the interaction of the P supply and the contri-

bution of AM to plant growth and nutrient uptake, as well as the relative importance

of the interacting phenomena in the conditions of northern agriculture. The interac-

tions described are illustrated in Figure 4. The end purpose is to offer a conceptual

framework for AM management by manipulating the P supply and a starting point

for applied extensions to include AM management in the design of farming systems.

Figure 4. A conceptual model of the impact of P on AM
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As a total effect, within the range of soil-extractable P with positive AM re-
sponse, cumulative P fertilization decreases the contribution of AM to plant nutri-
ent uptake and growth (IV: Figures 1b,d and 2b,d, Table 4; V: Figures 2b,d and
4b,d, Table 4; Thingstrup et al., 1998). At intermediate and higher soil P levels with
no or a negative growth response to AM, the effect may be reverse at later growth
stages due to the suppression of AM by increased P supply (V: Figures 1d and 3d).
A suboptimal P supply decreases the benefit from AM due to insufficient P uptake
to compensate the AM costs (IV: Figures 1d and 2d). Thus, extremely low soil P
may at least transiently result in growth depressions for crops with high P demand
or low ability to utilize AM.

Benefits

P supply affects the tripartite AM via the soil and further through the host plant.
An effect of major importance for AM effectiveness in terms of plant growth and nu-
trient uptake appears to be that increased soil concentration of extractable P ele-
vates the P concentration in the plant thus decreasing the benefit of additional P
and thus the benefit of AM for the plant (IV, V). It evidently suppresses AM for-
mation mainly via elevated plant P concentration (Sanders, 1975; Menge et al.,
1978); the evidence for a direct effect through the soil on the extramatrical fungal
growth is contradictory (Abbott et al., 1984; de Miranda et al., 1989; de Miranda
and Harris, 1994; Olsson et al., 1997). A reduction in spore germination under
conditions of high soil P has, however, been shown (de Miranda and Harris,
1994). The P supply that decreases AM formation depends on the plant genotype,
evidently being related to the plant P demand (IV). In the long term, therefore, in-
creased soil P content cumulatively decreases the size of the AMF community (V).
With the increase in soil and plant P and the cumulative decrease in size of the
AMF community, the total infectivity of the soil is decreased, as observed through-
out the present study (III: Tables 1, 2; IV: Table 3; V: Table 3). Because of the vari-
ation among AMF in sensitivity to P (Sylvia and Schenck, 1983; Thomson et al.,
1986), cumulative P also appears to cause a change in the community structure
and thus in its functions (IV: Table 7; Johnson, 1993). The functional change was
not related to nutrient uptake (IV), neither was any change observed in the P
transport capacity per hyphal length unit due to P fertilization in the long term
(III: Figure 2, Table 2). This is in accordance with the results of Jakobsen and
Vestberg (1998), who showed interspecific variation in the P uptake potential of

Glomus fistulosum and G. mosseae, but no intraspecific variation among the iso-

lates. At Maaninka, G. mosseae was dominant according to spore densities (V: Ta-
ble 7). During the 20 years of study, no P fertilization effect on the AMF species

48



composition was observed in the two fields investigated (I1I, V: Table 7). This is
in contrast to some other studies (Johnson, 1993; Gryndler and Lipavsky, 1995).

The decrease in benefits from AM caused by an increase in soil P supply seems to
be partly compensated. First, an increase in the soil content of extractable P increases
the P supply available for hyphal uptake. The role of this appears clearly at the start of
plant growth when the soil P is extremely low (IV: Figures 1d, 2d), and seems to ap-
pear occasionally when it is supraoptimal for mycorrhizal benefit (V: Figures 1d, 3d)
(see below). Secondly, in the long term the AMF communities seem to show a feed-
back tendency by adaptation to cumulative changes in soil P in functional terms, as
shown here as a result of 20 years of influence (IV: Table 7). This was not observed by
Johnson (1993) and Gryndler and Lipavsky (1995) within eight- and ten-year periods,
respectively. This adaptation seems, however, to be of no practical benefit. Either it is
not able to compensate the other, contrary effects of high P contributing to AM effec-
tiveness, or such an evolution would require an extremely long time (IV).

Costs

By decreasing mycorrhization the enhanced P supply also reduces AM costs (V:
Figure 1d). The C expenditure for the build-up and metabolism of fungal tissue
and more generally greater below-ground C expenditure (Eissenstat et al., 1993)
decreases along with the suppression of root colonization and the combined sup-
pression of growth of extramatrical fungal structures such as hyphae. The function-
al differences observed in the AMF communities from different P histories were not
related to P uptake (IV), but could be related to C expenditure. Johnson (1993), too,
found less mutualistic AMF with more C consuming structures in soil with cumu-
lated P fertilization than in unfertilized soil. Raju et al. (1990) observed more geno-
typic differences between AMF and plants in costs than in benefits of AM. The dif-
ference in benefits and costs from AM calculated as C determines the contribution
of AM to plant growth. Simultaneously with the effect on AM, soil P supply also
affects the alternative P acquisition mode, or growth and P uptake of roots. When
increased P supply suppresses C expenditure by AM, a greater share of C is availa-
ble for root growth, thus enhancing nutrient uptake by roots. The simultaneous in-
crease in P supply for roots results in a decreased relative benefit of uptake by hyphae,
which encompass larger soil volumes and smaller soil pores. Thus, the observed
hyphal P uptake does not mean that AM would necessarily benefit the plant (com-
pare Schweiger and Jakobsen, 1999). The C costs of AM in comparison with the
costs of an alternative P acquisition mode, i.e. uptake by roots, are crucial (V: Fig-
ure 1d). The relative P:C efficiency of the uptake by hyphae and roots evidently de-
pends most on the interrelations of the plant and soil P status (V).
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There are, however, compensating mechanisms for the AM costs as well. AMF
may utilize C that in any event would be lost from the roots by exudation (Schwab
et al.,, 1991), but this has only a minor role (Tinker et al., 1994). Also, AM may
slightly increase the plant photosynthetic rate per unit leaf area (Snellgrove et al.,
1986). The plant could react to AMF demand by increased photosynthesis through
the sink-effect, or the plant may have a surplus of carbohydrate (Fitter, 1991). The
last alternative is evidently of major importance, being related to the prevailing
conditions of growth limitation. Accordingly, when the soil P supply is not limiting,
AM often depresses growth (Crush, 1976; Buwalda and Goh, 1982; I: Figure 5a; V:
Figures 1b,d and 2b,d, Table 4) and conversely.

Factors interacting with the impact of P on AM

The plant genotype determines the plant P demand in relation to other growth fac-
tors, and thus the potential benefit of additional P. The results demonstrated nota-
ble variation in the crops in both the location and width of the range of the soil P
content with positive response to AM (IV: Figures 1b,d and 2b,d). The location is
evidently mainly determined by the plant P demand, while the width of the range
and the maximum AM dependence of the crop depend on several factors such as the
alternative P acquiring strategies (e.g., Baylis, 1975) and the ability to cover the C
costs by AM (IV). For example, the low MD of barley lifted the lower threshold P
level in relation to its P demand and increased the growth depression by AM, in
comparison with flax with its higher P demand and MD. The functional compati-
bility of some crops with the AMF communities in Nordic field soils (Boyetchko
and Tewari, 1995; Ravnskov and Jakobsen, 1995) seems to vary notably. Thus, the
AMF infectivity and contribution of AM to flax growth was clearly higher in
Maaninka than in Mietoinen soil at the same soil content of extractable P in the bi-
oassay simulating the start of the growing season (IV); it was similar in July in the
field, and the opposite at harvest (IV: Figures 1b,d, 2b,d, V: Figures 1 to 4, b,d). In
contrast, the contribution to clover growth was fairly similar in the two soils at the
same P level in the bioassay. The difference in compatibility for the two plants
seems not to be explained by the cropping history of the fields since neither clover
nor flax had been grown at either location for at least 20 years. The difference in P
demand of clover and flax did, however, coincide with the difference in P availa-
bility of the soils, the AMF of which caused the higher root colonization for clover
and flax (Mietoinen and Maaninka, respectively) (compare Johnson et al., 1992b)
(Iv).

All growth factors of importance, especially those that limit growth most, affect
the C supply for the AMF. In addition, the degree of limitation by P in relation to
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the limitation by other growth factors is crucial for its effect. Among the most im-
portant of these other factors are light, temperature and water conditions, the sup-
ply of nutrients other than P, and interacting soil organisms. The relationship be-
tween these factors determines the P thresholds for benefit from AM and optimal
mycorrhization (below). Their manageability in field conditions determines their
relative importance in agriculture.

The N supply affects the P response of AM (IV: Table 6; V: Table 6). In the field,
halving the moderate N supply prevented suppression of colonization by high P (V),
as also shown previously (Sylvia and Neal, 1990). The effect on colonization may in-
volve specific physiological mechanisms (Sylvia and Neal, 1990; Abbott and Robson,
1991a). The interaction of N with the P impact on the contribution of AM seems to be
more complex, however, depending on the roles of colonization rate (see below) and
growth limitation. If increase in N supply causes P to become more growth limiting
than N, this increases the contribution of AM (V: Table 6, see below).

Thresholds for positive AM response
When the soil P supply increases, the benefit of the additional P transported by

AMEF to the plant decreases. Most often, the benefit seems to decrease clearly be-
fore the P concentration of the plant noticeably suppresses the AM and thus reduc-
es the C cost (IV: Figures 1b,d, Table 4; V: Figures 1d and 2d, Table 4). This leads to
growth depressions. Crop growth suppressions by AM seem to be of importance in
the common conditions of northern field soils, as e.g. in the Maaninka field which
represents an intermediate content of extractable P for Finnish field soils at
present, and common conventional cropping practices. The generality of growth
suppressions by AM has been undervalued, but received more attention in recent
years (Johnson et al., 1997; Graham and Eissenstat, 1998). The AMF community, its
size, adaptation to soil P status and functional compatibility with the crop (IV: Fig-
ure 1b,d, Table 7; Boyetchko and Tewari, 1995; Ravnskov and Jakobsen, 1995) also
affect the threshold P levels and the relative contribution of AM. In the bioassay,
the relative contribution of AM to growth was roughly three times as high and its
contribution to P uptake double for flax in the Maaninka soil compared with the
Mietoinen soil at corresponding P availability (IV: Figures 1b,d and 2b,d). When N
was in surplus in the Maaninka soil, P still limited growth even in soil with cumu-
lated P applications (III: Tables 1,3). In this soil the absolute contribution of AM
was lower with lower N supply (V: Table 6). The actual threshold for positive
plant response to AM is related to factors limiting growth such as N supply. Thus, the
threshold also depends on the host plant and its P demand and AM dependency
(IV: Figures 1b,d and 2b,d). In the Maaninka field (P,.,, 5 to 18 mg kg™), AM caused

H20
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growth depression for flax, barley and pea, while for red clover with low P de-
mand the soil P supply was high enough to almost totally suppress the early myc-
orrhization, leading to no AM response (I: Table 7, IV: Table 3; V: Figure 1d, Table 3).

In addition to the upper threshold P content, a lower threshold for positive P re-
sponse is sometimes observed. Plant AM response may be transiently negative due to
too low soil P supply during the first weeks of growth, up to 9 weeks after sowing
(Bethlenfalvay et al., 1982; Koide 1985). Presumably the build-up of the AMF struc-
tures then consumes more C than can be compensated by the growth effect of the
fungal P uptake from extremely P-deficient soil. Additionally, the fungal partner may
directly compete with the host plant for the P resources if the P supply is very low
(Crush, 1973). This situation was demonstrated in the unfertilized Mietoinen soil
with P, 2.7 mg kg™ P in the bioassay for flax with its high P demand and for barley
with its poor ability to utilize AM, but not for red clover (IV: Figure 1b,d). The same
situation was not observed directly in the field in the same soil when this was sam-
pled 50 days after sowing. This was because of its transient character, or not sufficient-
ly low P supply to cause continuous growth depression (V: Figure 2b).

However, the range of soil content of extractable P with positive plant response
to AM seems not always to be a continuum. Particularly at soil P concentrations
above the upper threshold for positive AM response, situations sometimes seem to
occur where the ratio of the degree of mycorrhization to the P supply for hyphal
uptake occasionally becomes beneficial for the plant. The beneficial ratio then
causes a positive response by AM and possibly also by plant growth to an increase
in the P supply (V: Figure 1d). This phenomenon is evidently of no practical impor-
tance, however, because it is difficult to utilize. One example of this phenomenon
is the following:

At Mietoinen in July, fresh additions of 90 kg P ha™ to the annually ferti-
lized soil resulted in the highest flax growth and contribution of AM to growth and
P uptake (V: Figures 3a,b and 4a,b). Yet, the flax P concentration was lower with 90
kg P ha' than with 45 kg P ha™. Nor did the higher P addition increase the growth
of flax with suppressed AM relative to the lower P levels. This indicates that the
lower mycorrhization but higher P supply for uptake by the scarcer hyphae with
90 kg P ha! compared with 45 kg P ha allowed a higher share of C to be used for
growth and thus more efficient P utilization, in terms of P uptake in relation to the C
cost, than the 45 kg P ha™ application. The alternative explanation of benefits not
related to P nutrition is improbable because the effect appeared upon the addition
of P. This example demonstrates the complexity of the impact of P on AM, the
complexity of the growth limitation, and the important role of the P impact on the
costs and not only on the beneficial functions of AM (Raju et al., 1990).
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Optimum mycorrhization

There seems to be an optimum range of mycorrhization, which varies considerably
between host plant genotypes (Pande and Tarafdar, 1999) but also depends on soil P
and N status, and evidently more generally on the relations between growth limiting
factors (IV, V). The relation between mycorrhization and growth response may also
depend on the AMF community (Mosse, 1972; Graham et al., 1982; Ravnskov and
Jakobsen, 1995). Not only the hyphal length, growth habit and functioning (Kough
and Linderman, 1986; Jakobsen et al., 1992a,b; Buerkert and Robson, 1994; Jakob-
sen and Vestberg, 1998), but presumably also the C cost per functional hyphal
length unit (e.g. hyphal robustness) vary considerably among AMF and so affect
their efficiency of P uptake and other benefits in relation to C expenditure.
Additionally, the results of this study show that the critical level of mycorrhiza-
tion is not a minimum, but an optimum range, that can also be exceeded (see Fitter,
1991), and they suggest that the exceeding might often be the case in agricultural
fields (V: Figures 1d and 2d). This finding contradicts the common assumption that
the extent of AM formation is the limiting factor for enhancement of the P uptake
of crops by AM (e.g. Abbott and Robson, 1984; Mosse, 1986; Abbott and Robson,
1991a; Smith et al., 1992), and that if mycorrhizas form rapidly and extensively, it is
likely that maximum benefits from AM are being gained (Abbott and Robson,
1991b). Both growth limitation by different factors and the proportions of fungal
structures vary with the stage of growth, thus affecting the optimal rate of mycor-
rhization. Later in the growing season the plant’s P demand is often lower while
the C expenditure of the large, continuously growing mycelium and possible for-

mation of carbohydrate storage vesicles is higher.

Time perspective

We found that the short-term effect of P fertilization may differ notably from the
long-term effect, not only quantitatively but qualitatively (see also Figure 2). In
cases where the P fertilization had a clear impact, omitting the P application before
sowing resulted in higher colonization than did including it (IV: Tables 4 and 5; V),
and also in higher contribution of AM to plant growth and P uptake at the start of
the growing season (IV: Figures 1b,d and 2b,d). Thus, freshly added P at growth in-
itiation caused a peak in plant P concentration and suppressed AMF colonization
and function more than would be expected from its effect on soil P, . It is the con-
centration of P within the plant and not the soil that leads to a reduction in mycor-
rhization (see above). However, at harvest the added P tended to have an opposite
effect on AM effectiveness (V: Figures 1 to 4, d). Clearly the rate of mycorrhization
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was no longer the limiting factor for AM effect on the plant at the latter half of the
growing season. Hence, at the same level of soil extractable P the more abundant
mycorrhization in the soil with the omitted P dressing caused a higher net cost
than the mycorrhization in the fertilized soil.

The long-term effects of P fertilization on AM include evolutionary changes in
AMF (Morton, 1990) and the AMF community and in other microbial communities
(Bunge, 1985) interacting with it (Linderman, 1988; Garbaye, 1991). Within 20
years, neither the effects observed on the structure of the AMF communities (see
Benefits, IV: Table 7; compare with V: Table 7) nor possible influences on the other
microbial communities reinoculated to irradiated soil (I) seemed to be of ecological
significance for AM effectiveness. No long-term P fertilization effect on the ability
of the soil to decompose plant remains was found either (p>0.81, unpublished re-
sults of the mesh bag assay in the field experiment, see 2.2 Method development).
The cumulative effects on the soil P content and thus on the environment of the mi-
crobes were far more prominent, overwhelming the effects on the microbial com-
munity including the effects on the size of the AMF community.

For the long-term perspective of sustainability, this indication of the adaptation
of the functional structure of the AMF communities (IV: Table 7) is highly impor-
tant. Since no changes in species composition were observed (V, yet with a fairly
high proportion of unidentifiable spores), the functional change may have pro-
ceeded through changes in the relative abundance of physiologically different
clones despite morphologically identical spores (Morton, 1990). Measures of taxo-
nomic and functional diversity are often poorly correlated. Species definitions rely
on phenotypic or genetic characteristics that may have no direct relationship to soil
processes (Lee and Pankhurst, 1992). The long time the adaptional changes seem to
require, decreases the resilience of the system towards low-input conditions. The
same concerns the cumulative P effects, as the changes in soil P status are slow.
Therefore, the improvement in AM effectiveness is slow even after P fertilization is
omitted or reduced (Porter et al., 1978; V: Figure 1b).

In addition to the long-term effects of P on AM there is a cumulative impact by AM
on the soil (Figure 2). The soil effects include effects on soil structure (Tisdall and
Oades, 1979; Tisdall, 1991) which may lead to reduced erosion (Reganold et al., 1987)
and effects through plant and AMF growth on soil nutrient and carbon content. They
also include evolutionary effects, as feed-back to the AMF community and the interact-
ing microbial and plant communities. Quantification of these effects is difficult and
was attempted only for AM effects on soil structure (to be published elsewhere).
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Characteristics of the P supply

As regards P supply, not only the quantitative aspect is important for AM effective-
ness, but also the relative availability of the soil inorganic and organic sources and
the added organic matter and inorganic fertilizers to the plant and to AM is deci-
sive (Mosse, 1973; Bolan et al., 1987; Joner and Jakobsen, 1994b, see also 1.3 P utili-
zation by arbuscular mycorrhiza). The evidence for the superiority of AM in utiliz-
ing P in organic matter is of notable practical importance for sustainable agricul-
ture (Kahiluoto and Vestberg, 1998; Kahiluoto and Vestberg, 2000). It has also been
suggested that band application of P would allow AM functioning in roots outside
the band (Lu et al., 1994), but the evidence is in disagreement with the findings of
several authors (e.g., Menge et al., 1978; de Miranda et al., 1989). These aspects
were not covered in the present study.

The evidence from the present study suggests that the temporal variation in P
availability is a major determinant for AM development, functioning and total ef-
fect in field soils. The variation is closely linked to the form of P, but interacts with
climatic and other factors and microbial activity. Early infection is considered im-
portant for AM effectiveness (e.g., Smith et al., 1992), but combined with extremely
low P supply it may in fact considerably retard plant and AM development (IV:
Figures 1d and 2d). Above the threshold P supply required for the early infection
to be effective, abundant plant-available P at the start of the growing season seems
to decrease AM utilization (IV: Figures 1, 2; V). Thus, slower and more continuous
P release during the growing season might promote it. As indicated by the results,
if the soil P supply is not low, the plant response may be strongly negative later in
the season (V). In that case, an increase in plant-available P in the middle of the
growing season might prevent excess mycorrhization and favour plant fitness later
in the season. However, this benefit would require a rapidly growing plant com-

munity with an extensive root system to prevent environmental hazards.

3.4 MANAGEMENT OF AM BY P FERTILIZATION

Practical significance of the impact of P on AM

At the low soil P supply, the cumulative P fertilization reduced the contribution of
AM to crop growth and nutrient uptake during the first half of the season in the
field. For flax, this was the case through the whole season, while for barley the ef-
fect of P fertilization remained unclear at harvest in both soils (V: Figures 2b,d and
4b,d, Table 4). At an intermediate initial soil P status the contribution of AM to
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crop growth was similarly reduced by the cumulative P fertilization during the
first half of the growing season (V: Figure 1b), but thereafter AM was not benefi-
cial, irrespective of P fertilization (V: Figure 1d). For clover, the intermediate soil P
supply was high enough to retard mycorrhization and prevent AM response irre-
spective of fertilization.

As regards flax, in the field with soil P,
growth benefit was obtained from AM (V: Figure 2d). This is approximately in agree-

2.5t0 5.0 mg kg (Mietoinen), a clear

ment with the results for Danish field soils reported by Thingstrup et al. (1998). The
threshold for positive AM contribution to the P uptake of flax was approximately
P, 10 mg kg (V: Figure 4d). The soil P level of P, 5.4 to 21.3 mg kg (Maaninka)
seemed to be too high for mycorrhizal yield benefit for any of the three plant species
(V: Figure 1d). At harvest the well-developed AM depressed flax growth there in un-
tertilized soil (P,

tainable from additional P was not sufficient to compensate the costs (Graham and

5.4 mg kg') because in the later stage of the growth the benefit ob-

Eissenstat, 1998. However, in the regularly fertilized soil of the intermediate initial P
level (Maaninka, P,
P content. Despite this, the lower C costs than in unfertilized soil were covered by the

17.9 to 21.3 mg kg"') mycorrhization was limited by the higher

higher P supply for hyphal uptake only in the soil with the annual P dressing (P,
18.8 mg kg™). This situation resulted in increased nutrient uptake but no growth ben-
efit (V: Figures 1d, 3d). Compensation of the AM of unfertilized soil for flax growth
and P uptake until July required 90 kg P ha™ in superphosphate at the low initial P
level (Mietoinen) and correspondingly 45 kg at the intermediate P level (Maaninka)
in soil with hindered AM functioning (V: Figures 1 to 4, a). At the low P status (Mie-
toinen) the situation remained the same until harvest contrary to the intermediate
soil P status (Maaninka) where the benefit from AM disappeared (V: Figures 1 to 4,
Q).

For flax at harvest, the highest relative AM contributions were found in soil with
lowest extractable P content; these contributions were 35% to P uptake, 17% to
growth and 18% to seed dry weight (V: Figures 2d, 4d, Table 4, data in the text). The
maximum reductions in P uptake, growth and seed dry weight of flax due to AM
were found in the soil with intermediate initial soil P status with no cumulative P fer-
tilization and were 34, 42 and 56%, respectively (V: Figures 1d, 3d, data in the text).
The management benefit, or increase in benefit from AM to flax due to omitting the
cumulative P fertilization, was at the low soil P supply 30% of seed dry weight and
35% of seed and total P uptake at harvest (V: Figure 4d, Table 4, data in the text).
Here AM largely compensated the yield effects of P fertilization of 45 kg P ha™a™ for
20 years (V: Figure 2c). The more effective AM in unfertilized soil resulted in even

higher growth, seed yield and seed nutrient concentrations and equal P uptake rela-
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tive to soil with cumulative P (V: Figure 2¢, 4c, data in the text). At the intermediate
initial soil P status, the P fertilization was required to suppress mycorrhization and
thus reduce the flax growth depression by AM. Even there, only growth and P up-
take of flax benefitted from cumulated P (V: Figures 1c, 3c) while the seed yields and
nutrient concentrations responded to the annual fertilizations only if the P applica-
tion at the start of the growing season was omitted (data not shown).

Red clover requires less P than flax and its AM dependency is lower (IV: Figure
la, unpublished comparison of test plants, see 3.2). In field soil with low P status
(Mietoinen, P,
with no P fertilization. This was indicated in the bioassays, which well represented

3 to 7 mg kg™), clover tended to receive more benefit from AM

the situation in the field until July when clover is harvested (IV: Figure 1d). At the
intermediate soil P status (Maaninka), P was not limiting for clover growth even in
the unfertilized soil. The high soil P status in relation to the P demand of clover
and the incompatibility with its AMF community (IV: Table 7, Figure 1b,d) retard-
ed mycorrhization, leading to no clear AM response (V: Figure 1d, 3d).

Barley benefitted from AM in unfertilized soil until July at both locations but
more at the lower P level. In the annually fertilized soil there was no net response
to AM at the location with low soil P supply (Mietoinen), and a growth depression
of nearly 40% due to AM at the location with intermediate soil P supply (Maanin-
ka) (V: Figures 1b, 2b). At harvest the difference between the P histories remained
unclear for barley and there was no net benefit from AM (V: Figures 1d, 2d, Table
4). Yet, the barley seed yield benefitted only slightly from the cumulated P at the
low soil P level (Mietoinen) and not at all at the intermediate P level (Maaninka)
(V: data not presented). The seed P concentration tended, however, to be higher in
the annually fertilized soil than in soil with no added P, as N rather than P limited
growth in the fertilized soil (V: data not presented). In a study by Saarela et al.
(1995) carried out during 15 to 18 years at 24 locations, the difference in cereal
yields between the unfertilized plots and plots fertilized with 15 to 60 kg P ha'a™
was on an average 11% from the yield with fertilization. At Mietoinen the differ-
ence was 13% and at Maaninka 8%. Evidently, the net cost of AM in the fertilized
soil contributes to keeping the differences small.

The enhancement of nutrient uptake by AM was notable for Zn, P, Cu and even
Kin loam with intermediate P supply (Maaninka), while only the P effect was im-
portant in clay with low P supply (Mietoinen) (V: data in the text). AM elevated
seed concentrations of P, Cu and Zn as previously reported (Pacovsky, 1986), also
when no yield benefit was achieved (Gildon and Tinker, 1983). AM considerably
enhanced N uptake as well but the effect was clear only until July (IV, V: Table 6).
In addition, no growth or yield reductions at halved N supply were observed at
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Mietoinen, where P evidently limited growth more than N, irrespective of the P
history (V: data not presented). This finding demonstrates the importance of ad-
justing the supplies of various nutrients to each other for improving their efficien-
cy. In principle, mycorrhizal growth depression by increased P could be the result
not only of C cost with no compensating benefit, but also of the suppression by
high P of benefits from AM not related to P (e.g., Singh et al., 1986; Thompson,
1996). Evidence of lower reductions in benefit from AM for uptake of other nutri-
ents than P in fertilized soil was not obtained, however (IV, V).

The main reason for the difference in P impact on AM between the two loca-
tions is evidently the difference in P status and thus in the benefit of additional P
to the plant. A contribution by a less efficient AMF community in terms of ac-
quired P per unit expended C at Maaninka is also possible. This interpretation is
suggested by the higher benefit from AM for flax at Mietoinen than at Maaninka at
equivalent soil contents of extractable P at harvest in the field (V: Figures 1 to 4, d).
Caution is required, however, because the P availability of different soils is difficult
to compare by chemical measurements. The soil P supply and P:C efficiency of the
evolved AMF community may also interact. Johnson (1993) found evidence for the
hypothesis that plants with no nutrient stress release less carbohydrates and there-
fore create a selective pressure favouring AMF strains that most aggressively ac-
quire host carbohydrate. Thus, less beneficial or even detrimental AMF were se-
lected in fertile or fertilized soil. The AMF species compositions of the two fields
were not very different, as the species with clearly dominating spore densities on
the two locations are closely related (V: Table 7). However, as stated above, the dif-

ferences in the functional properties of AMF may even occur intraspecifically.

Potential to promote reliance on AM in crop P uptake and growth

The considerable yield losses found at the intermediate field soil P levels occur be-
cause crops have no use for the P uptake potential of AM, while the fungal C costs
still have to be paid. This reduces the effectiveness of P fertilization for growth. The
yield losses can be avoided and the potential of AM can be utilized only by reducing
the soil P supply through omitting P fertilization. Alternatively, P has to be used in
surplus, as in fertilizing at the intermediate soil P level (Maaninka) just to suppress
the detrimental AM. However, immediate improvements in AM utilization through
reduced P fertilization seem not to be obtainable. Omitting solely the last P applica-
tion improved the contribution of AM in the Mietoinen field only until July (IV: Fig-
ures 1d, 2d, Table 5; V: Figures 2b, 4b, Table 5), while the effect was disappeared until
the harvest (V: Figures 2d, 4d, Table 5). Approximately one fourth of the area under

cultivation in Finland at present represents the P status with positive AM response
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for flax and clover in this study. Yet, the upper threshold for positive AM response
obtained in this work roughly corresponds to the average concentration of soil ex-
tractable P in Finnish field soils until the late sixties (Méantylahti, 1996), based on the
relation between soil water-extractable and ammonium-acetate-extractable P pro-
posed by Puustinen et al. (1994). At a relatively low extractable P content of field soil,
P,,o 2.5 mg kg, AM compensated the 20 years’ annual P fertilization of 45 kg ha™ for
flax, with its high AM dependence. Even in this range of P status the yield compensa-
tion by AM was incomplete for clover, and for barley no benefit from AM was shown
at harvest. There are, however, possibilities to improve the benefit from the symbio-
sis. By exploiting these possibilities even the thresholds of soil P with a positive re-
sponse to AM could be shifted.

The genotypic variation in AM dependence of plants offers a way to increased
reliance on AM in crop P uptake through crop selection and breeding. Manske
(1990) and Hetrick et al. (1992a,b) showed a strong genetic basis for the differences
in MD among wheat cultivars. The consistent mycorrhizal dependence of cultivars
released before 1950, in contrast to modern cultivars, suggests that modern breed-
ing practices have reduced the dependence on mycorrhizal symbiosis. This may
well be true for cereals in general. Behind this development lie both breeding goals
and the selection conditions serving these goals. High yields of good processing
quality in intensive cultivation have been the major goal, while the ability to utilize
soil biologically mediated processes has been disregarded. In soil with intermedi-
ate or high content of extractable P where the selection has been performed, AM is
either of no importance or a stress factor for the crops. The differences in AM de-
pendence between barley cultivars (Boyetchko and Tewari, 1995) also provide po-
tential for breeding.

For barley, the reason for the poor ability to utilize AM seems not to be poor
colonization (V: Table 3) or sporulation (unpublished results by Mauritz Vestberg;
V: data in the text), nor a deficient ability to divert photosynthates to the root sys-
tem (IV: Figures 1d, 2d; V: Figures 1b, 2b,d, 3b, 4b,d), contrary to the suggestion by
Sanders (1997). Rather, the problem seems to be the small net benefit drained from
the formed symbiosis, at least for the three Finnish barley cultivars used in this
study (IV, V, unpublished results of the test plant comparison). The observation is
in accordance with that of Raju et al. (1990), who showed that the genotypic differ-
ences between both host plants and AMF were pronounced for calculated costs,
but not for benefits. It is also possible that the AMF communities of the experimen-
tal fields were exceptionally poorly compatible with barley. The AMF species com-
positions of the two fields were common for temperate field soils (V: Table 7).

However, both fields had been in cereal cultivation for at least the past 20 years.
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The Maaninka field was almost monocropped with barley, while at Mietoinen bar-
ley was cultivated every third year on an average. Johnson et al. (1992a) have con-
cluded that the dominant crop of the system may show even least mutualism with
the evolved AMF community. The explanation could be that, in a managed ecosys-
tem, the plant community, unlike the soil microbial community, is not under selec-
tion pressure. Therefore, in a monoculture an AMF community might evolve
which draws maximum benefit from the host plant as a C source but disregards
the mutualistic potential. Thus, the cereal monoculture could have caused a selec-
tive pressure favouring AMF species or strains with less benefit to barley, at
Maaninka together with a relatively high P level (see above). This situation could
be prevented by a proper crop rotation. Even the introduction of more compatible
AMF from regions where the cereals originate has been suggested. Introduction of
a new, more effective AMF community could also be relevant in cases where the
indigenous community or its functioning have been deteriorated through misman-
agement, but the unpredictable interactions in the soil community would first need
to be carefully studied.

In addition to crop characteristics (IV, V), the temporal dynamics of P supply
(V) appear to be important in redesigning of cropping systems for maximum reli-
ance on AM in P management (Miller et al., 1994; Thompson, 1994). The timing of
the P supply in relation to the plant and AM development, and the relative availa-
bility of P to AM and the plant roots (see 3.3 Conceptual model of the impact of P
on AM, Time perspective) appear to be key aspects. Both are closely linked to the
form of the P addition and to the whole P management of the agriculture and the
food system. Further research on the interrelations of AM and the cropping system
on several organizational levels is needed, however, to utilize the potential of AM.
The present study showed that more emphasis should be devoted to the soil and
plant partners of AM as the objects of management in order to utilize the existing
AMF structures. Further, maximization of the P:C efficiency of AM should be
adopted as the management goal, not maximum mycorrhization or hyphal P up-
take. Attention should be focused on efficiency relative to alternative P acquisition
modes such as roots, and on the temporal dynamics.

Potential of AM to promote sustainability of P managements

Even though the differences in AM utilization were notable, only some slight yield
benefits by the cumulated P were achieved (V). On the other hand, the P emissions
from the unfertilized soil of the field with low P status (Mietoinen) were only 11 to
29% of those from the fertilized soil of the same experimental field (V). These fig-
ures were obtained with the models of Jansson (1998) and Ekholm et al. (1999) for
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the content of dissolved reactive P (DRP) in waters as a function of soil extractable
P (V). The models are based on measurements in soils representative of the Mie-
toinen field, and the observed relations between the water-extractable and ammo-
nium-acetate-extractable P in Finnish clay soils (Puustinen et al., 1994) were ap-
plied in the above estimation. The losses are less in soil not fertilized with P than in
fertilized soil, not only because of lower soil P status as such but also because of
more effective AM functions. These functions include more complete soil depletion
and immediate uptake close to point sources by AMF hyphae which intercept
leaching and fixation (Bolan et al., 1987; Joner and Jakobsen, 1994a) and, as well,
reduce erosion (see above; Ekholm, 1998). These AM effects should be quantified
and their management clarified.

If P fertilizers are not applied, the recycling of P within the food system needs
to be as complete as possible. The unavoidable P losses from the system should be
replaced, by returning P which finds its way to watercourses, back to the field soil
in organic matter and for example through utilization of coarsefish. Also, the po-
tential quantity of P supply through weathering needs to be elucidated. It might be
enhanced in low-input conditions with high biological activity and with a lowered
P concentration on particle surfaces due to uptake by AMF hyphae (Dighton,
1991). AM also has the potential to enhance utilization of the fertilizer P accumu-
lated in soil mainly as Al- and Fe-bound P (Bolan et al., 1987; Hartikainen, 1991).
The content of extractable P in previously fertilized soil is lowered for some time,
but might eventually approach to the native content and reach a balance. The rate
of decrease in soil P due to omitting fertilization seems to greatly depend on the in-
itial soil P content, being higher, if the starting point is high (Saarela et al., 1995). In
the Finnish long-term experiments on P fertilization, the decrease seemed to retard
or cease at some locations even within ten years. The balance could possibly be ob-
tained and sustained at a desired, lower level, by management of the intensity and
processes of the cropping system.

More effective AM delivers satisfactory yields at lower P supply than does less
effective AM, because the input-output ratio of P is considerably affected by AM
effectiveness (IV: Figure 2a,c; V: Figures 3a,c, 4a,c). This is an example of the
change in nutrient balance by management of the process without a change in the
amount of inputs, i.e. without a change in the intensity of the system. In principle,
accelerating the rate of nutrient cycling between the plant community and soil, or
encompassing a larger part of soil P in the cycle, should increase the productivity
per time unit even without a change in the amount of either inputs or losses. On
the other hand, as we showed (IV, V), the intensity of cultivation also drastically

changes the process. Extensive utilization of biologically contributed soil processes
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such as AM requires less intensive cultivation practices. The ultimate limits for in-
creasing plant productivity through optimization of a low-input system are not
known. Nevertheless, at the present stage of technical development, AM cannot to-
tally compensate the yield loss at the lower P supply for most crops. Instead of
maximizing the output per unit field area, an alternative would be to maximize the
output per unit of non-renewable resources or the reliance on local resources. The
yield addition per unit added P decreases as the P supply increases. Further, the
major factor determining the P losses to waters is the soil P supply. The increase of
loss in relation to soil extractable P may be linear (Ekholm et al., 1999) within the
same field but above a certain threshold even exponential (Heckrath et al., 1995).
Thus, a reduction in soil P supply and a corresponding extension of the field area
should lead to a decreased P load to waters with no reduction in the total produc-
tion. The simultaneously increased effectiveness of P uptake by AM would both
decrease the required field area as a feed-back phenomenon and intensify the de-
pletion of soil algae-available P, further reducing P emissions to waters.

AM is an example of ecosystem services which are impaired or even irreversibly
lost with a high intensity cultivation (IV Bjorklund et al., 1999). The use of external
inputs to intensify production compensates part of these ecosystem services. Simulta-
neously the intensification often suppresses other contributions which are not com-
pensated, or are even impossible to compensate. This is the case with AM functions
other than P uptake, e.g. uptake of Zn and Cu (IV, V; Thompson, 1996), formation
and stabilization of soil structure, distribution of C to soil microbiota and enhance-
ment of bacterial solubilization of P (Linderman, 1988). In addition, even a considera-
ble proportion of the inputs may in fact be expended to suppress these ecosystem
processes. Growth suppression by AM in the field with the intermediate soil P availa-
bility but not in that with high availability (Maaninka, V: Figure 1d) demonstrates
this phenomenon. External inputs are needed not only to compensate the benefit
from AM that is obtainable at low P but also to compensate the net cost that occurs at
the intermediate P supply, or alternatively to elevate the supply high enough to total-
ly suppress mycorrhization. The irreversible or extremely slowly reversible adapta-
tion of the AMF communities to extreme P conditions (IV: Table 7) is a loss in ecosys-
tem services and decreases resilience. This decreases the flexibility and would be haz-
ardous if the access to external resources were lowered.

The ultimate goal of sustainable soil management depends on the discourse of
sustainability relied on. The goal could be maximum productivity per unit field
area, in accordance with “food sufficiency”, a concept of sustainability with a re-
duced perspective, possibly attempting to find an optimum concentration of ex-

tractable nutrients while taking into account the loss to waters. Alternatively, the
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goal could be maximum reliance on the ecosystem services in coincidence with a
community-oriented discourse that builds on utilization of local resources and em-
phasises the conservation of systems integrity, resilience and flexibility. The goal of
reliance on ecosystem services such as mycorrhiza questions the reductionist ap-
proach to soil fertility that focuses on concentrations of extractable nutrients. In ad-
dition, it questions the holistic concept (see 1.1 Systems approach) of soil quality
index (Karlen et al., 1997; refined e.g. by Glover et al., 2000) and indicators that dis-
regard understanding the underlying processes and interactions, as well as the in-
terrelatedness of the system levels (compare Sojka and Upchurch, 1999). The same
value of an indicator may provide quite different information, depending on its in-
teractions with other parts of the system, as shown for mycorrhization and mycor-
rhizal functions in this work (V). Also, the criteria for soil quality depend on the
goals and strategy of soil management. Reliance on ecosystem services demands a
systems-oriented concept of soil quality. Understanding the plant-soil system and
its interrelations with food systems and the ecosystem forms the basis for the as-
sessment and management of soil processes to sustain the capacity of soil to func-

tion as a vital system serving multiple and varied goals.

3.5 CONCLUSIONS

* Do the conclusions depend on the systemism of the approach in research on low organi-

zational leves of agroecosystems?

This study demonstrates that, even in research at lower system levels, choices are
made regarding the degree of systemism, including its soft dimension (see Meth-
odological considerations, 3.1). Here, these choices encompassed the desirable
characteristics of the target system, the AM management strategy, the definition of
the research object, the research methods and even the response variables. The
choices affected the results and conclusions. This was also shown in a comparison
of results obtained by methods which represent different degrees of systemism. It
was shown to be important to relate the conclusions to the system level consid-
ered. Moreover, the higher system level of interest affects the choice of appropriate

approach even for research on the subsystems.

* How can the contribution to plant growth and nutrient uptake, i.e. the mycorrhizal

effectiveness, be assessed?
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Representative results for mycorrhizal infectivity and relative mycorrhizal effec-
tiveness in field soils were obtained using a bioassay that involved sampling of the
soil after the spring thaw and creation of a control with suppressed mycorrhization
through incorporation of 20 mg (kg soil in target moisture)' benomyl to the soil
immediately before sowing. Flax proved to be an appropriate test plant. The use of
an additional crop plant relevant to the agroecosystem concerned improves the rel-
evance of the results. Prolonging the bioassay for more than the four weeks used
would improve its representativeness beyond the range of soil P level with a posi-
tive response to AM. The bioassay allows standardization for practical purposes, to
improve prediction of field soil P availability and its problems, especially in sus-
tainable agriculture.

* Does P fertilization decrease the contribution of AM to plant growth and nutrient uptake ?

P fertilization always decreased the AM infectivity, and usually the AM effective-
ness as well. Cumulative P fertilization decreased the size of the AMF communi-
ties, but did not affect the species composition or hyphal P transport capacity. Ex-
treme P conditions caused functional intraspecific adaptation of the AMF commu-
nities. The adaptation was not related to P uptake but could be related to C costs,
as earlier observed. The major practical impact of P fertilization in a 20 year’s peri-
od was the change in the conditions in which the AMF functioned, not in the AMF
themselves. For red clover with its low P demand the lack of AM response at the
intermediate P level of Finnish field soils was due to suppressed mycorrhization.
For flax and barley the major factor limiting the response to AM in field soils
seemed to be too high and costly mycorrhization in relation to the benefit ob-
tained. Thus, at the intermediate soil P level, cumulative P fertilization prevented
yield loss due to AM because it reduced mycorrhization. The net benefit did not
depend on variation in hyphal P transport potential but on the rate of plant growth
limitation by P in relation to other growth limiting factors such as N, and on the
relative P:C efficiency compared with the alternative P acquiring modes. Therefore,
the main focus of AM utilization in crop production should be on the management
of soil conditions and plant communities to promote net benefits of AM to the
plant, rather than on favouring AMF. Management of costs and net benefits of AM
requires more attention than the management of AM benefits. The temporal dy-
namics of P supply appear to be of major importance in AM management. The role
of AM effects on soil should also be elucidated.

* Is it possible to promote utilization and conservation of field AMF communities in Nor-
dic conditions by management of the cropping system?
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Promotion of reliance on AM in northern agricultural fields, through modification
of cropping systems and cultivation practices, is of practical significance. In soil
with an initial content of P, of 4.6 mg kg™, the management benefit, or increase in
contribution of AM to growth, obtained by omitting the annual P fertilization of 45
kg ha' for 20 years was, for flax, 30% of seed dry weight, 35% of seed P content
and 35% of total P uptake at harvest. AM more than compensated the annual P fer-
tilization for flax, the compensation was not complete for red clover, and the bene-
fit for barley disappeared until the harvest. The highest relative contribution of
AM to flax P uptake was 35% and to seed dry weight 18%. In fields with interme-
diate and higher P levels (initial P,

from AM, and reductions in seed dry weight by AM were as much as 56% from the

11.4 mg kg™), no yield benefits were obtained

weight with suppressed AM. Enhanced reliance on AM in crop P management re-
duced the environmental load, such as losses to water. Reliance on AM also con-
served the ability of the AMF communities to contribute to crop growth and P nut-
rition in low-input conditions, and thus conserved the resilience of the soil ecosys-
tem. AM deserves to be involved in the development of sustainable production
systems as well as in breeding and soil quality assessment programmes serving
sustainable agriculture. The environmental effects of AM should be elucidated and
quantified.

4 SUMMARY

The aim of this study was to find out whether utilization of arbuscular mycorrhiza
(AM), in crop production in Nordic conditions, can be promoted through manage-
ment of the cropping system. P fertilization was chosen as the pilot system to man-
age because it has a major effect on AM and is because it problematic from the
viewpoint of sustainability. Our scant knowledge of AM functioning and its effects
in the field is mainly due to the methodological problems of research. Therefore, a
bioassay of AM effectiveness was developed. In addition, the work demonstrated
the challenge of a systems approach to research on low organizational levels of the
agroecosystem. The starting point was the goal of sustainable phosphorus manage-
ment in the food system, focused down to the AM level. The conclusions were then
linked back to the context of the target suprasystem.

The study demonstrated that, even in research at lower system levels, choices
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are made regarding the degree of systemism, and the soft dimension of systems
approach is also relevant. The higher system level of interest affects the approach
to be taken in research on the subsystems, and it is important that the conclusions
are related to the system level considered.

Representative results for AM infectivity and effectiveness in field soils were ob-
tained in a bioassay involving sampling of the field soil in the spring, after the thaw,
and creating a control with suppressed AM through the incorporation of 20 mg (kg
soil in target moisture)” benomyl in the soil immediately before sowing. Flax proved
to be an appropriate test plant together with a relevant host. This bioassay also al-
lows standardization for the practical purpose improving the prediction of field soil
P availability and its problems, especially in sustainable agriculture.

Understanding the interrelations of the tripartite system of mycorrhiza encom-
passing plant, soil and AMF is a prerequisite for management of AM. The influ-
ence of P on AM formation and effectiveness in terms of growth and nutrient up-
take of barley, red clover and flax was investigated. As well, the effect of P on the
size, composition and functioning of the field AMF communities was clarified. The
impact of the P history on P response and the immediate effect of omitting P appli-
cation and halving N fertilization were elucidated with flax. Two long-term field
experiments representing contrasting soil types with low and intermediate con-
tents of extractable P were utilized. Besides the bioassay for AM effectiveness de-
veloped, two other bioassays and a field assay were employed. A conceptual mod-
el of the impact of P on AM effectiveness was presented.

P fertilization consistently decreased AMF infectivity and generally AM effec-
tiveness, too. Cumulative P fertilization decreased the size of the AMF communi-
ties but did not affect the hyphal P transport capacity, or, in contrast to some other
studies, the species composition. Instead, functional intraspecific adaptation of the
AMF communities to extreme P conditions was observed. However, the mode of
action of cumulative P fertilization of major practical importance was the change
in the soil conditions in which the AMF functioned. In some cases the restriction
on contribution of AM to crop growth and nutrient uptake in the field seemed to
be a low rate of mycorrhization due to incompatibility of the plant with the soil P
status or with the AMF community evolved. Most often, however, the benefit ap-
peared to be limited by plant and soil factors which cause AM to be a net cost.

AM appears to be an ecosystem service that is impaired or lost by intensive culti-
vation. In soil representing the present lower end of the P supply of Finland’s field
soils, but the average status of the late sixties, the higher AM effectiveness in soil
with no added P for 20 years compensated the annual P fertilization of 45 kg ha™ (soil

P, 2.5 v. 9.5 mg kg”) for flax. The compensation was not complete for red clover. In
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contrast to July, at harvest barley received no benefit from AM and only a slight bene-
fit from cumulated P. The management benefit, or increase in relative contribution of
AM to growth by omitting the annual P fertilizations of 45 kg ha*, was in the low P
soil, for flax, 30% of seed dry weight, 35% of seed P content and 35% of the total P
uptake at harvest in the field. The contribution of AM in low P soil was up to 35% of
P uptake and 18% of dry weight. No benefit from AM was found in soil with an in-
1o D4 to 21.3 mg kg™). Instead, yield re-

ductions of as much as 56% were recorded up to a P level that was sufficient to

termediate or high content of extractable P (P

hinder mycorrhization. The results suggest that AM deserves to be considered in the
development of sustainable production systems as well as in breeding and soil quali-

ty assessment programmes serving sustainable agriculture.
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