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ABSTRACT 

Agricultural productivity has improved significantly in recent decades. World 
food production has more than tripled through intensive crop production. In 
addition to improved food production and safety, environmental problems 
have also increased. However, due to global population growth, food 
production needs to be further intensified. This thesis is related to the 
sustainable intensification of crop production and the improvement of crop 
resilience. The study examined the effects of agricultural management 
practices on soil microbial communities and the ecosystem services they 
provide. In particular, the possibilities to improve the plant disease 
suppression of field microbiota and appearance of arbuscular mycorrhizal 
fungi (AMF) by tillage methods and crop diversity were in focus. In addition, 
the amount and location of different carbon fractions in the soil profile were 
investigated. The aim was also to identify useful indicators for beneficial soil 
microbial activity for soil quality monitoring. The studies utilized the field 
experiments and a cross-site comparison of several long-term tillage fields. 

The ability of soil microbiota to suppress fungi (fungistasis) and general 
disease suppression was often enhanced by the long-term reduced and no-
tillage practices, compared with conventional mouldboard ploughing. The 
result could not be generalized to specific management but could be linked to 
the higher biomass of soil microbiota and fungi as well as the soil labile carbon 
content. Based on the results, the strengthening of soil disease suppression 
was reflected in lower prevalence of the test pathogen (F. culmorum) in the 
cereals, suggesting an impact on crop production. Reduced tillage was shown 
to alter the vertical distribution of carbon fractions and accumulate soil 
organic carbon (SOC), labile carbon, and microbial biomass in the topsoil 
layer. However, the SOC sequestration in the whole soil profile was not 
necessarily increased. Mycotrophy of host plants varied considerably between 
the special plants studied. Mycotrophy of the crop plant had a strong effect on 
the concentration of AMF in the rhizosphere and bulk soil. 

Field observations confirmed that the ecosystem services of microbiota 
could be enhanced by the choice of agricultural management although the 
effects of a specific management method may not be directly and generally 
related to the activity. The effects on the fungal community and crop 
performance should be considered in relation to the crop sequence used. In 
addition to this, potentially, single management practices have a combined 
effect on soil health. Soil microbiological ecosystem services need simple 
indicators to be used in developing and monitoring sustainable agricultural 
production. The intensity of disease suppression in the soil could be reliably 
assessed by a simple laboratory test. Soil labile carbon (POM-C, Cmic) is 
potentially a useful indicator for disease suppression. Cell membrane lipid 
assays (PLFA, NLFA) proved to be effective indicators for estimating AMF 
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biomass in arable soil. Cultivation measures were shown to have a significant 
impact on the community structure and function of the field microbiota. In the 
light of these results, it is absolutely essential to take into account the 
functionality of the whole soil microbiome in the design of sustainable 
intensification of agricultural management practices. 

Keywords: sustainable agriculture, decease suppressive soil, fungistasis, 
Fusarium sp., labile carbon, soil quality indicator, PLFA, arbuscular 
mycorrhiza. 
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TIIVISTELMÄ 

Maatalouden tuottavuus on parantunut huomattavasti viimeisten vuosi-
kymmenten aikana. Maailman elintarviketuotanto on yli kolminkertaistunut 
intensiivisen kasvintuotannon avulla. Ruokaturvan parantumisen ohella myös 
ympäristöongelmat ovat lisääntyneet. Globaalin väestömäärän kasvun vuoksi 
ruoantuotantoa on kuitenkin edelleen tehostettava. Tämä väitöskirja 
kytkeytyy kasvintuotannon kestävään tehostamiseen ja viljelyn resilienssin 
parantamiseen. Työssä tarkasteltiin viljelytoimenpiteiden vaikutuksia 
maaperän mikrobiyhteisöihin ja niiden tuottamiin ekosysteemipalveluihin. 
Erityisesti keskityttiin mahdollisuuksiin parantaa peltomaan mikrobiston 
tautisuppressiivisuutta (kyky tukahduttaa maalevintäisiä kasvitauteja) ja 
keräsienijuurisienten (AMF Arbuscular Mycorrhizal Fungi) esiintymistä 
peltomaan keskeisten viljelytoimenpiteiden avulla (muokkaustapa, 
kasvimonimuotoisuus). Lisäksi selvitettiin maaperän eri hiilifraktioiden 
määrää ja sijoittumista maaprofiilissa. Tavoitteena oli myös tunnistaa 
käyttökelpoisia mittareita hyödyllisen maaperän mikrobitoiminnan ja laadun 
seurantaan. Tutkimuksissa hyödynnettiin kenttäkokeita ja pitkäaikaisten eri 
tavalla muokattujen peltolohkojen parivertailua. 

Maaperän mikrobiston kyky tukahduttaa tautisieniä (fungistasis) ja 
yleinen tautisuppressiivisuus vahvistuivat pitkäaikaisissa kokeissa, kun 
kynnön sijasta perusmuokkausta kevennettiin tai siitä luovuttiin (suorakylvö). 
Tulosta ei voitu yleistää tiettyyn käsittelyyn, mutta se voitiin yhdistää 
korkeaan maaperän mikrobiston ja sienten biomassaan sekä maaperän 
labiilin hiilen pitoisuuteen. Tulosten perusteella maan tautisuppressiivi-
suuden vahvistuminen vähensi testipatogeenin (punahome F. culmorum) 
ilmaantuvuutta kevätviljoissa, mikä mahdollisesti vaikuttaa sadontuottoon. 
Isäntäkasvien mykotrofia vaihteli huomattavasti tutkittujen erikoiskasvien 
välillä. Satokasvin mykotrofialla oli voimakas vaikutus maaperän 
keräsienijuurisienen (AMF) esiintymiseen. Maaperän mikrobiyhteisöjen 
olosuhteita voitiin muunnella valitsemalla sopiva maanmuokkaus- ja 
kasvivalikoima ja vaikuttaa mikrobiston ekosysteemipalvelujen tehokkuuteen. 
Vähäisen maanmuokkauksen osoitettiin muuttavan hiilijakeiden vertikaalista 
jakautumista ja keräävän maaperän orgaanisen kokonaishiilen, labiilin hiilen 
(POM-C) ja mikrobiomassan hiilen maaperän ylimpään kerrokseen.  

Kenttähavainnot vahvistivat, että kasvien taudinaiheuttajien yleistä 
tukahduttavuutta voitaisiin vahvistaa viljelytoimenpiteillä, vaikka yksittäisen 
toimenpiteen vaikutukset eivät välttämättä liity suoraan ja yleisesti taudin 
tukahduttamiskykyyn. Vaikutuksia sieniyhteisöön ja sadontuottokykyyn olisi 
tarkasteltava käytetyn kasvinvuorottelun suhteen. Kasvinvuorottelulla ja 
maanmuokkausmenetelmän valinnalla on potentiaalisesti yhdistetty vaikutus 
maaperän hiilensidontaan. Maaperän mikrobiologisissa ekosysteemipalve-
luissa tarvitaan yksinkertaisia maan laadun mittareita kestävän maatalous-
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tuotannon kehittämiseksi ja seurantaan. Maaperän tautisuppressiivisuuden 
voimakkuutta pystyttiin luotettavasti arvioimaan yksinkertaisella laboratorio-
testillä. Labiili hiili (POM-C, Cmic) osoittautui potentiaaliseksi indikaattoriksi 
tautisuppressiivisuudelle. Solukalvon lipidimääritykset (PLFA, NLFA) 
osoittautuivat toimiviksi mittareiksi AMF:n biomassan arvioimiseen pelto-
maassa. Viljelytoimenpiteillä osoitettiin olevan merkittävä vaikutus pelto-
maan mikrobiston yhteisörakenteelle ja toimintaan. Näiden tulosten valossa 
on ehdottoman tärkeää ottaa huomioon koko maaperän mikrobiomin 
toimivuus kestävän maatalouden toimintatapojen suunnittelussa ja 
tuotannon kestävässä tehostamisessa. 

Asiasanat: kestävä maatalous, maan tautisuppressiivisuus, fungistasis, 
Fusarium sp., labiili hiili, maan laadun mittari, PLFA, keräsienijuuri.  
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GLOSSARY 

4 promille movement An initiative to which 17 EU countries have 
committed to increase carbon levels in soil by 0.4% per year as part of climate 
change mitigation strategies. 

Antagonism A biological structure or chemical agent that interferes with 
the physiological action of another (e.g. antibiotic compounds; other biological 
interactions: competition, mutualism) 

Carbon sequestration is the process of capturing and storing 
atmospheric carbon dioxide. It is one method of reducing the amount of 
carbon dioxide in the atmosphere with the goal of reducing global climate 
change. 

Conducive soils Non-suppressive soils, soils where disease readily 
occurs. 

Conservation agriculture (CA) A range of cropping systems proposing 
alternative management practices aiming at maintaining or improving the 
sustainability of agricultural production. CA relies on three pillars: reduced 
tillage, permanent soil cover (cover crops), and diversified rotations (Chenu et 
al. 2019; European Conservation Agriculture Federation www.ecaf.org). 

Conservation biological control A variety of management practices 
that protect natural enemy populations in the agroecosystem and enhance 
their fitness and ultimate impact on pests. It represents an alternative to 
dependence on pesticides which is associated with environmental damage and 
risks to human health. 

Disease suppressive soils Soils possessing the capacity to suppress soil 
borne plant diseases. Soils in which the pathogen does not establish or persist, 
establishes but causes little or no damage, or establishes and causes disease 
for a while but thereafter the disease is less important although the pathogen 
may persist in the soil 

• Disease suppression as the suppression of the pathogen growing 
parasitically. 

• Pathogen suppression as the suppression of saprophytic growth or 
survival of the pathogen in the soil. 

Ecosystem services are the many and varied benefits that humans freely 
gain from the natural environment and from properly functioning ecosystems. 

Fungistasis The attribute of the soil that restricts the germination and 
growth of fungi. 

General soil suppressiveness Soil microbial communities, microbial 
activity in general, non-transferable, modulated in part to the physical or 
chemical attributes of the soil 

Microbiome A community of microorganisms and their genomes that 
inhabit a defined environment. Microbiomes include representatives from the 
Bacteria, Archaea, lower and higher Eukarya, and viruses. 



16 

Natural biocontrol Every natural soil possesses some ability to suppress 
the activity of plant pathogens due to the presence and activity of its 
complement of resident soil microorganisms. 

Regenerative agriculture (RA) System-based RA reconciles the need 
for producing adequate and nutritious food with the necessity of restoring the 
environment, making farming a solution to environmental issues (Lal 2020). 

Resilience Ability to rebound or recover from adversity. In the context of 
an agroecosystem or food system, it is the ability of that system to remain 
viable when affected by adverse forces, such as pest infestations and 
environmental degradation. 

Soil health ‘The capacity of soil to function as a vital living system, within 
ecosystem and land-use boundaries, to sustain plant and animal productivity, 
maintain or enhance water and air quality, and promote plant and animal 
health’ (Doran and Zeiss 2000). 

Specific soil suppressiveness Specific groups of microbes, transferable 
to another soil. 

Sustainable agriculture Agricultural systems to produce adequate and 
nutritious food without environmental harm, and going further to produce 
positive contributions to natural, social and human capital. 

Sustainable [agricultural] intensification (SI) is defined as an 
agricultural process or system where valued outcomes are maintained or 
increased while at least maintaining and progressing to substantial 
enhancement of environmental outcomes (Pretty et al. 2018).  
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1 INTRODUCTION 

1.1 SUSTAINABLE INTENSIFICATION OF RESILIENT 
CROP PRODUCTION 

1.1.1 CHALLENGES IN MODERN AGRICULTURE 
Over the past half century, agricultural productivity has been substantially 
improved. Accelerated by the Green Revolution of the 1960s, the world food 
production has more than tripled, offering 50% more food per capita, despite 
the 2.5-fold rise in world population during the same time (FAO 2018; Pretty 
et al. 2018). In addition to the measures like irrigation and crop breeding, the 
improved food supply was achieved by chemical soil fertilization and use of 
synthetic pesticides against pests and pathogens (Bailey-Serres et al. 2019). 
Since 1960, the use of mineral fertilizers has multiplied by 6.9 and pesticide 
use increased 15 20 fold (Oerke 2006). 

It has been estimated that the world population will continue to grow from 
7.6 billion (2018) to 10 billion by 2050 (Pretty et al. 2018). A recent scenario 
forecasted the global population to peak in 2064 at 9.73 billion (range of 
variation 8.84–10.9) people and decline to 8.79 billion (6.83–11.8) in 2100 
(Vollset et al. 2020). For meeting the food demand of growing population, 
some of the key issues are food waste reduction and dietary changes (Gerten 
et al. 2020). Despite a slight decrease in meat consumption in some Western 
countries, both the global average per capita consumption of meat and the 
total amount of meat consumed are rising (Godfray et al. 2018). If the 
popularity of such an animal-based diet continues to grow, agricultural 
production must be further increased by as much as 70% to 110% compared to 
the level in 2005 (Lal 2019; FAO 2002; Alexandratos and Bruinsma 2012; 
Bruinsma 2009; Gomiero 2016), along with an increase in the cropland area 
by as much as 150 Mha (ca. 10%; FAO and ITPS 2015; Lambin et al. 2013). 

Agriculture is currently heavily dependent on mineral fertilizers, which has 
led to the disconnection of agroecosystems from the internal cycle of key plant 
nutrients such as nitrogen and phosphorus. Phosphate minerals needed to 
make fertilizers are currently being mined, but world resources are projected 
to sustain food production for only 50 to 100 years (Brodt et al. 2011; Tomich 
et al. 2011). As a result, the price of phosphate is expected to rise unless new 
reserves are found and innovations in phosphate recovery from waste are 
developed. Nitrogen and phosphorus recycling (on-farm and regional), 
improving the efficiency of fertilizer applications and supporting sources of 
organic nutrients (animal and green manure, other organic fertilizer products) 
are important elements of sustainable agriculture (Brodt et al. 2011). 

Along with the improved food productivity and safety, severe 
environmental problems have started to emerge during the last decades. On a 
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global scale, there is evidence that agriculture is the single largest 
anthropogenic cause of biodiversity loss, greenhouse gas emissions, nutrient 
leaching (nitrogen and phosphorus), erosion, and a major cause of pollution 
due to pesticides. Modern intensive agriculture has caused fertile topsoil 
depletion (soil erosion and degradation), in addition to drawbacks in the 
sustainability of social, economic and human health (Brodt et al. 2011; Tomich 
et al. 2011). The planetary boundaries are under threat or have been exceeded 
(Pretty et al. 2018; Campbell et al. 2017). For these reasons, efforts have been 
made to develop production methods in order to minimize their adverse 
effects on the environment (Rockström et al. 2017). 

At the same time, accelerated climate change is a threat to the environment 
causing abiotic stress, which eventually will globally lead to the shrinkage of 
agricultural land and declines in crop growth (Bindi and Olesen 2011). 
Agricultural sustainability rests on the principle stated at the Brundtland 
Report (1987) that ‘we must meet the needs of the present without 
compromising the ability of future generations to meet their own needs’. 
Sustainable agriculture integrates three main goals –economic profitability, 
social equity, and environmental sustainability and health. The sustainable 
intensification of crop production aims to increase crop yields and 
associated economic returns per unit of time and land in a sustainable way, 
without negative impacts on soil and water resources or surrounding 
ecosystems (Pretty and Bharucha 2014). 

1.1.2 SOIL HEALTH 
A key part of sustainable agriculture is to strengthen plant resilience, i.e. the 
ability to adapt and tolerate various stressors. With climate change, crop 
stressors such as plant diseases and drought are assumed to become more 
common. An increasing occurrence of extreme weather events and extremes 
like droughts and heat waves across the globe negatively affects agricultural 
productivity (Bindi and Olesen 2011 and references therein). The 
improvement of crop resilience to environmental (abiotic) and pathogen 
(biotic) stresses are of utmost importance for feeding the growing global 
population (Bailey-Serres et al. 2019). Soils are known to be key environments 
for mitigating climate change due to vast terrestrial carbon pools and 
providing resilience for drought. That is why one of the Sustainable 
Development Goals (FAO 2018) is to ‘Enhance soil health and restore land’. 

The overall aim of sustainable farming is to take care and improve soil 
quality and soil health. Soil quality is a concept that recognizes the concern of 
sustainable management of arable soils. Soil quality includes all aspects of soil: 
chemical, physical and biological, and the interactions between the 
surrounding ecosystems (Palojärvi and Nuutinen 2002; Karlen et al. 1997). 
Recently, a more comprehensive definition that includes plant and animal 
health has gained popularity. By definition: soil health is ‘The capacity of soil 
to function as a living system, with ecosystem and land use boundaries, to 
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sustain plant and animal productivity, maintain or enhance water and air 
quality, and promote plant and animal health’ (Doran and Zeiss 2000; 
Lehman et al. 2015). 

Improving or maintaining soil function typically refers to actions to pay 
attention to soil organic matter (SOM). SOM acts as a source and sink for 
nutrients, a source of microbial activity and a buffer against factors such as 
acidity and contaminants. In addition, the accumulation of soil organic matter 
can help to mitigate the growth of atmospheric carbon dioxide (CO2) and thus 
climate change (Ramesh et al. 2019). Soil organic matter also provides better 
soil structure, improving water infiltration, reducing the surface run-off, 
better drainage, and increasing aggregates and soil structure stability. This all 
reduces the risk of wind and water erosion. 

As pointed out by the European Commission (EC 2012), soil degradation 
has a direct impact on water and air quality, biodiversity and climate change. 
It can also impair the health of European citizens and threaten food and feed 
safety. More recently, the role of soil in storing or releasing carbon (and 
therefore a direct link with climate change) has been recognised with the 
launch of the ‘4 per mille’ initiative (to which 17 EU countries have committed) 
to increase carbon (C) levels in soil by 0.4% per year as part of climate change 
mitigation strategies (Soussana et al. 2019). A review of opportunities for soil 
sustainability in Europe was published by the European Academies Science 
Advisory Council (EASAC 2018). 

The global soil carbon pool is ca. three times larger than that of above 
ground biomass, so even slight changes in soil organic carbon (SOC) stocks 
have an impact on atmospheric C and global climate (Jackson et al. 2017). The 
concept of the soil microbial carbon pump (MCP) emphasizes the active role 
of soil microbes in SOC storage (Liang et al. 2017). Microbial necromass 
appeared to accumulate in soil and be the dominant contributor to SOC (Zhu 
et al. 2020). Soil MCP capacity and soil MCP efficacy were suggested as 
parameters to reflect the conversion of plant C into microbial necromass and 
the contribution of microbial necromass to SOC, respectively. 

In addition, more knowledge has been gathered on the interaction between 
soils and diseases (plant, animal and human), adding another dimension to 
the debate on protecting soils’ useful functions. Healthy soils maintain a 
diverse community of soil organisms that help to control plant disease, insect 
and weed pests, form beneficial symbiotic associations with plant roots; 
recycle essential plant nutrients; improve soil structure with positive 
repercussions for soil water and nutrient holding capacity, and ultimately 
improve crop production (FAO 2008; Pankhurst et al. 2002). 

1.1.3 SOIL-BORNE PLANT PATHOGENS 
Diseases caused by soil-borne plant pathogens are one of the major limiting 
factors for plant growth and productivity in most of the agroecosystems (Oerke 
2006). Plants typically exude up to 20-40% of all photosynthate through the 
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roots into the soil (Mendes et al. 2011; Pieterse et al. 2014). At the same time, 
soil-borne pathogens and pests reduce crop yields by  15–30% annually, and 
sometimes cause total crop loss (Stirling et al. 2016). That is why the plant–
microbe interactions in the rhizosphere required for optimal root and soil 
health is critical to the sustainable intensification of agriculture and needs 
further investigations (Cha et al. 2016). 

The emergence of soil-borne plant diseases is a result of relationships 
between and among micro-organisms, pathogens and plants, interfering with 
soil properties and conditions. Soil-borne pathogens cause numerous diseases 
like seed decay, pre- and postemergence damping off, wilting of roots, root rot, 
stem rot, crown rot, collar rot etc. The most typical soil-borne pathogenic 
genera are Rhizoctonia sp. causing damping-off, foliar blights and root and 
stem rots, and Fusarium spp (Stirling et al. 2016; for Fusarium spp see Table 
1). 

Fusarium is a very diverse fungal genus and is widely distributed in soil. In 
Northern Europe, F. culmorum was previously considered more common 
(Bottalico and Perrone 2002), but a shift in dominant species from F. 
culmorum to F. graminearum has been described in recent years (Nielsen et 
al. 2011; Karlsson et al. 2017). 

Table 1. Most common Fusarium spp. soil and plant residue borne plant pathogens in Finland 
(Parikka et al. 2012; Karlsson et al. 2017). 

 
Fungus genus Importance in crop production 
Fusarium culmorum (FC) Primarily the producers of DON mycotoxin, benefited by spring 

draught previously considered more common in Northern Europe  
F. graminearum (FG) Primarily the producers of DON, becoming more common due to 

milder climate 
F. avenaceum (FA) Predominantly saprophytic species 
Fusarium spp., e.g. 

F. langsethiae, 
F. sporotrichioides 

T-2/HT-2 mycotoxins producers 

 
Fusarium head blight (FHB) is an economically important disease in cereal 

production world-wide caused by a range of Fusarium species and can cause 
important yield losses. However, the most problematic aspect of FHB is the 
associated contamination by harmful mycotoxins produced by many 
Fusarium species (Parry et al. 1995). Important Fusarium toxins include 
deoxynivalenol (DON) and HT-2/ T-2, that have negative effects on human 
and animal health (Hofgaard et al. 2016; Parikka et al. 2012; Reddy et al. 2010; 
D'Mello et al. 1999). In Northwestern Europe, primarily the producers of DON 
are F. graminearum and to a lesser extent F. culmorum (Yli-Mattila et al. 
2008; Edwards et al. 2012; Nielsen et al. 2011; Fredlund et al. 2013; 
Hietaniemi et al. 2016; Hofgaard et al. 2016). In Finland, F. graminearum was 
determined to explain DON contaminations in cereals more than F. culmorum 
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(Wm. G. Sm.) and F. langsethiae was determined to explain T-2/HT-2 
contaminations more than F. sporotrichioides (Yli-Mattila et al. 2008; 
Kaukoranta et al. 2019). 

Soil-borne pathogens produce resting bodies which are long-lasting in soil 
and difficult to eliminate. They can remain indefinitely due to their capacity to 
survive as mycelium or sclerotia, and they typically survive in the soil 
independent of host plants as saprophytes by colonizing organic matter 
(Stirling et al. 2016). Due to this, they cause problems worldwide (Wang and 
Li 2019). Chemical means to control soil-borne pathogens are not only 
inadequate but also cause risks to soil and environmental pollution. Plants 
lack genetic resistance to most necrotrophic pathogens (Cha et al. 2016), like 
root-infecting pathogenic fungi, which makes crops highly dependent on the 
beneficial plant-microbe interaction and functional soil microbial 
communities (de Boer et al. 2019). 

Accumulation of soil-borne plant pathogens has been linked with the 
agricultural practices of intensive agriculture leading to soil erosion and loss 
of soil fertility, like intensive ploughing, use of agrochemicals and lack of crop 
diversity (Babin et al. 2019). Controlling Fusarium head blight (FHB) disease 
and the mycotoxins produced by its causal agents such as Fusarium 
graminearum and F. culmorum by agricultural or manufacturing practices 
can be challenging. Resistant cultivars would offer a much needed and 
economical solution to the problem. Disease resistance refers to the ability of 
a plant to either stop or to slow down the progress of a disease (Hautsalo et al. 
2020). Another option is to promote the general disease suppression of soil 
microbiome. 

1.2 PLANT BENEFICIAL MICROBIAL FUNCTIONS 

Beneficial plant–microbe interactions are key components of healthy soils (de 
Vries and Wallenstein 2017). Soil health can be seen as a capacity of a soil to 
be able to provide ecosystem services (Williams et al. 2020). Soil microbiome 
is providing plant beneficial ecosystem services such as carbon sequestration, 
ecosystem functioning, and nutrient cycling (Table 2). A good performance of 
a cereal implies that the crop is able to make use of resources available in soil 
in an optimal way. Due to the degradation of fertile arable soil, there is an 
increased need for the use of poor-quality land, which calls for mitigation 
actions and increased resilience of the agroecological system (Smith et al. 
2016). 

Plant growth-promoting microorganisms are a group of rhizosphere 
microbes that can have positive effects on plant growth, mainly through two 
types of mechanisms. Direct mechanisms include those forms of action that 
promote plant growth regardless of the presence of pathogens. Indirect 
mechanisms cover all actions aimed at protecting plants from attacks by 
pathogenic microorganisms (Crecchio et al. 2018). 
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Table 2. Ecosystem services provided by soil microbiota (modified from EASAC 2018; Lehman et 
al. 2015; Powlson et al. 2011). 
 

Plant health and stress 
tolerance 

Pest and pathogen control by suppressing disease microbes and 
placing so-called systemic resistance; 
Resistance to drought and other stressors (e.g. by producing growth 
hormones); 
Bioremediation of pollutants and other contaminants. 

Plant nutrient status 
and nutrient recycling 

Symbiosis with the plant (nitrogen-fixing bacteria, mycorrhizal 
fungi); 
Nutrient and carbon cycling (e.g. decomposers (organic matter), 
nutrient dissolving from rock material, nutrient immobilization); 
Primary production (nutrient status). 

Soil structure, water 
management and 
carbon management 

Soil formation and erosion control; 
Water quality and supply regulation; 
Climate regulation (carbon sequestration, atmospheric trace 
gases); 
Formation of slowly decomposing organic matter in the soil. 

1.2.1 INDIRECT MECHANISMS: BIOLOGICAL CONTROL OF SOIL-
BORNE PLANT PATHOGENS 

The importance of soil biodiversity is increasingly recognized for human 
health as it is associated with the suppression of soil-borne pathogens and the 
production of clean air, water and food (Wall et al. 2015). However, these 
benefits may be jeopardized as climate change and poor land management 
negatively affect soil biodiversity. Soil microbiomes have several modes of 
action to suppress soil-borne pathogens.  

Disease suppressive soils are able to reduce the incidence or severity of 
soil-borne plant diseases (Weller et al. 2002) through the competitive 
activity of non-pathogenic inhabitants of the soil microbiota (general 
suppression) or the antagonistic properties of certain microorganism 
groups (specific suppression). However, for most soil pathogens, the 
microorganisms responsible for suppression and suppression mechanisms are 
not fully known, but it is likely that soil suppression is a mixture of both types 
of suppression (Postma et al. 2008; Schlatter et al. 2017). 

Fungistasis is one form of soil suppression defined as the ability of soil to 
limit fungal germination and growth (Garbeva et al. 2011; Lockwood 1977). 
The key mechanism that explains soil fungistasis is intense competition for 
nutrients in the soil microbial community. In addition, the production of 
antifungal compounds in various forms, including volatile organic compounds 
(VOCs), may play an important role (Garbeva et al. 2011; van Agtmaal et al. 
2018). Soil fungistasis has been suggested to be an important component of 
general disease suppression (Termorshuizen and Jeger 2008). 
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The phenomenon of soil disease suppression has been shown to be largely 
microbiological (Mendes et al. 2011; Siegel-Hertz et al. 2018; de Boer et al. 
2019). The complex interaction of soil suppression cannot be related to just 
one microbial taxon or group (Legrand et al. 2019). Most rhizobacterial taxa 
showing soil suppression may differ if we compare different types of 
suppressive soils or even different soils that suppress the same phytopathogen 
(de Boer et al. 2019; Wang and Li 2019). The most likely suppressive soils are 
dominated by microbiomes where saprotrophic fungi have a strong role 
(Mendes et al. 2011; Penton et al. 2014; van Agtmaal et al. 2017). Overall, 
general microbial activity and diversity are known to contribute to general soil 
suppression (de Boer et al. 2003, 2007, 2019; Legrand et al. 2019). 

The greater reliance of agriculture on the beneficial functions and 
ecosystem services provided by the soil microbiome is a promising approach 
(Constanzo and Barberi 2014; de Boer et al. 2019). The potential to improve 
the natural suppression of soil diseases through agricultural management 
practices would provide a cost-effective and environmentally friendly 
alternative and demonstrate the potential for a sustainable and resilient crop 
production system (Bailey-Serres et al. 2019). As de Boer et al. (2019) noted, 
‘a better understanding of the underlying mechanisms of these pathogen-
suppressing ’soil forces’ is essential to exploit them and allow the transition to 
sustainable agriculture’. 

1.2.2 DIRECT MECHANISM: BIOSTIMULATION OF CROP GROWTH BY 
AMF 

Soil microbiome has various direct mechanisms to promote plant growth 
regardless of the presence of pathogens (Crecchio et al. 2018). Plants affect the 
structure and function of the soil microbiome and food webs directly through 
beneficial associations with Rhizobia and mycorrhizal fungi (de Vries and 
Wallenstein 2017). 

The arbuscular mycorrhizal fungi (AMF) are multifunctional, improving 
plant growth through increased uptake of available soil phosphorus (P) and 
other non-labile essential minerals as well as phytohormone production of 
plants (e.g. Berruti et al. 2018; Lehman et al. 2019). Major part of our crop 
plants form symbiosis with arbuscular mycorrhizal (AM) fungi, but their 
dependence on the mycorrhizal symbiosis, i.e. mycotrophy, varies; even if the 
plant is strongly infected by AMF, the symbiotic effectivity may vary (Behie 
and Bidochka 2014; Takacs et al. 2018). AM symbiosis plays an important role 
in natural ecosystems as well as in agroecosystems. Other beneficial impacts 
of AMF are for example the alleviation of plant stress caused by abiotic and 
biotic factors and stabilization of soil aggregates by producing the glycoprotein 
glomalin (Evelin et al. 2009; Pozo et al. 2010; Rillig 2004; Wright and 
Upadhyaya 1996). AMF have been applied as commercial biofertilizers (Schütz 
et al. 2018) and potential biocontrol agents (Hautsalo et al. 2016). 
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Common agricultural practices, such as fertilization, frequent soil 
disturbance and monoculture affect indigenous AMF negatively (Douds and 
Millner 1999; Manoharan et al. 2017), whereas low-intensity or no tillage 
systems was seen to increase the colonization of cash crop roots (Bowles et al. 
2016). In crop rotations, the amount and function of indigenous AMF is 
affected by the incorporation of residues from previous crops with varying 
degrees of mycotrophy. Non-host crops and long fallow periods may reduce 
AMF quantitatively and qualitatively (Troeh and Loynachan 2003; Berruti et 
al. 2018). The growth and yield of a crop may be affected by the previous crop 
in the crop sequencing (Peltonen-Sainio et al. 2019), an important factor to 
consider when designing crop rotations. In a Japanese study, the mycotrophy 
(non-mycorrhizal mustard vs. mycorrhizal sunflower) of the preceding crop 
was shown to be the most important factor influencing growth and yield of 
successive maize (Karasawa et al. 2001). In the design of sustainable farming 
systems, knowledge of beneficial plant-microbe interactions is central and 
further research is needed. 

1.3 SOIL MICROBIOME AND AGRICULTURAL 
MANAGEMENT PRACTICES 

The great challenge for today's agriculture is to maintain productivity without 
compromising other important ecosystem services (Williams et al. 2020). 
Arable land is an exceptional ecosystem where the soil functional processes 
are altered by human management. In modern intensive farming, simple crop 
sequence, conventional tillage, and cultivation of only a limited number of 
crop varieties favour the increased incidence and severity of diseases caused 
by necrotrophic soil-borne pathogens (Cha et al. 2016). 

An example of a promising approach to achieve sustainable agricultural 
food system is organic agriculture, where synthetic fertilizers and pesticides 
are prohibited, application of crop rotations are promoted and there is a focus 
on soil fertility and closed nutrient cycles (e.g. Muller et al. 2017). More recent 
concept is regenerative agriculture (Lal 2020), which combines a wide range 
of practices aimed at restoration and sustainable management of soil health 
and applies ideas of conservation agriculture. Conservation agriculture (CA) 
covers a variety of farming systems with alternative management practices 
aiming to maintain or improve the sustainability of agricultural production. 
CA is based on three pillars: reduced tillage, permanent soil cover with cover 
crops, and diversified crop rotations (Chenu et al. 2019). On a global scale, 
conservation agriculture has become increasingly popular during the last 
decades and was evaluated to be ca. 180 million ha (122-215 Mha) in 2016, 
which is ca. 12.5 % (9-15 %) of the total global cropland (Kassam et al. 2019; 
Prestele et al. 2018).  

Common to all different ways to sustainable agricultural management is 
the intention to take care and improve the soil quality and soil health. The 
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prerequisite for this is to the take advantage of the activity of beneficial, plant 
growth promoting soil microorganisms (Philippot et al. 2013; Bakker et al. 
2020). 

1.3.1 MINIMUM TILLAGE (NON-INVERSION, NO-TILLAGE) 
Changes in crop residue and soil carbon allocation, mixing intensity, and soil 
moisture and temperature conditions affect the distribution and living 
conditions of microbial community and the whole biota in soil. Traditional 
mouldboard ploughing, often called as conventional tillage, is mixing the crop 
residues into the topsoil layer of 15 to 30 cm. Conservation tillage methods i.e. 
non-inversion management like reduced tillage (mixing 10-15 cm e.g. with 
chisel plough or harrowing) or no-tillage accumulates organic matter on soil 
surface layer (Singh et al. 2015; Muukkonen et al. 2007; Laine et al. 2018; Ogle 
et al. 2019). In no-till management, soil mechanical disturbance is minimized 
and the crop is sown without prior tillage leaving 30–100% of the soil surface 
covered with plant residues (Soane et al. 2012). According to the European 
Conservation Agriculture Federation, in Europe ca. 3.5% and in Finland ca. 
10% of the total agricultural area of annual crops was managed with no-till 
practice in 2017 (www.ecaf.org). 

Conservation tillage management i.e. non-inversion practices decreasing 
soil disturbance is widely adopted in order to control erosion and nutrient 
leaching, reduce farming costs (fossil fuels consumption, labour hours), as well 
as to improve soil quality and conserve water (Soane et al. 2012). Adopting 
reduced tillage management creates gradual changes in soil physical 
properties relevant to soil ecological processes (Pires et al. 2017). Reduced 
tillage may improve soil moisture retention and water holding capacity due to 
topsoil organic matter (Palm et al. 2014). On the other hand, the crop residue 
covered no-tilled soil may dry and warm slower in the spring than ploughed 
soil (Blanco-Canqui and Ruis 2018). 

There have been frequent claims that the reduced tillage management 
would improve soil carbon sequestration, turn the arable soil as a carbon sink 
and act as a mitigation tool against the global climate change (e.g. Lal et al. 
1999). The findings have however been conflicting (Ogle et al. 2019). In spite 
of the carbon accumulation in topsoil due to lack of soil inversion, the total 
SOC storage in the whole soil profile may not be improved (Palm et al. 2014; 
Ogle et al. 2019). Overall, the effects of reduced tillage on soil quality and 
functions appear to vary depending on climate region, soil taxonomy and 
duration of practice (Ogle et al. 2019; Nunes et al. 2020). The conservation 
tillage benefited the crop production most in arid and semiarid sites at lower 
latitudes due to higher soil water storage (Francaviglia et al. 2020), but there 
is still some inconsistency in the results. 

The positive topsoil effects of no-tillage on soil health indicators are 
frequently observed. Sharma-Poudyal et al. (2017) concluded that tillage 
practices have a profound impact on soil fungal communities in agricultural 
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systems. Hydbom et al. (2017) show clear stimulation of the saprotrophic and 
AM fungi due to the reduced tillage. AMF are seen especially susceptible to 
physical disruption and stress by tillage (Helgason et al. 2010). They, as 
numerous other studies have shown shifts in the communities of AMF, where 
diversity, richness, and abundance of AMF have increased in no-till or reduced 
tillage systems. 

Soil and crop residue borne plant pathogens have been reported to benefit 
from crop residues on the soil surface (Hofgaard et al. 2016). On the other 
hand, reduced tillage practices, crop species selection, diverse crop rotation 
and practices to increase organic matter in soils are all shown to increase the 
amount of microbial biomass in soil. Whenever the agricultural management 
practices change the overall microbial activities and biomassof the soil, they 
may also affect soil pathogen suppressiveness (Janvier et al. 2007). The 
underlying mechanisms and the relationship between disease suppression and 
agrotechnological practices are still not fully understood and more insight is 
needed. 

1.3.2 DIVERSIFIED CROP PRODUCTION: SPECIES SELECTION AND 
CROP SEQUENCE 

Improved crop diversity is one of the main management practices suggested 
for sustainable agriculture. Potentially, many agricultural inputs, like nitrogen 
fertilizers and pesticides, could be substituted partially or totally with the 
practices like cultivating legumes for N-fixation or break crops for preventing 
crop specific diseases. Strategies include e.g. the plantings of mixed crops and 
diverse crop sequences or rotations (Isbell et al. 2017). Special crops or minor 
crops bring along and strengthen above and below ground biodiversity of the 
field and may possess traits such as different nutrient usage characteristics, 
high biomass production above and/or belowground, deep rooting systems, 
and different flowering traits promoting field biodiversity (Hakala et al. 2009), 
in addition to their economic potential as cash crop in the crop rotation. 

There is a clear threat that present farming practices will decrease 
microbial diversity in agricultural soils, with serious effects on fundamentally 
important soil processes. The introduction of alternative crop species to crop 
rotations could help to diversify microbial communities in soil (Ratnadass et 
al. 2012; Bakker et al. 2020). Diversity often helps adaptability because the 
more variation there is in the food system, whether it is crops or cultural 
knowledge, the more tools and means the system has available to adapt to 
change (Brodt et al. 2011). Greater variety of crops in the rotation systems and 
increased cultivation of perennial or autumn sown crops can act as a buffer 
against changing environmental conditions (Hakala et al. 2009). Increased 
crop diversity was found to increase crop productivity or at least maintain 
yields (Degani et al. 2019) with reduced external inputs, and to improve stress 
resistance resulting in more resilient arable systems. 
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1.3.3 BIOLOGICAL INDICATORS FOR SOIL HEALTH MONITORING 
An important part of soil quality and soil health assessment is a set of sensitive 
soil properties that reflect soil viability and can be used as soil quality 
indicators (Bünemann et al. 2018). As agricultural management practices 
generally have no effect on inherent qualities such as texture and mineralogy, 
other indicators are needed. There is a need for reliable and simple indicators 
that are suitable for both research use and monitoring, and for farmers as 
indicators for evaluating practical cultivation, available, for example, from 
commercial soil testing laboratories. 

Soil organic matter is one of the most commonly used soil quality indicators 
(Bünemann et al. 2018). It affects the various physical, chemical and biological 
properties of soils and plays a primary role in several soil functions in 
agricultural soils, such as nutrient cycling, and water retention (Ramesh et al. 
2019). Soil organic carbon also plays an important role in climate regulation, 
as it can increase carbon sequestration - also illustrates that soil organic matter 
works better, is able to offset fossil fuel emissions, and combat yield reductions 
caused by extreme weather events (Lal et al. 1999). Labile carbon has been 
shown to be a sensitive soil quality indicator for the impacts of tillage and 
organic matter inputs on microbial pools and activity (Bongiorno et al. 2019a, 
b). More studies comparing the different carbon pools (Soil Organic Carbon 
(SOC), labile C, microbial biomass C) of soil and their contribution to 
beneficial microbial functions like the general disease suppressiveness are, 
however, needed. 

Of the three groups of indicators for soil health / quality (physical, 
chemical, and biological), biological relationships are the most complex and 
have most gaps in the basic concepts (Lehman et al. 2015). Soil organisms are 
sensitive to land use practices and climate. They correlate well with the 
beneficial functions of soil and ecosystems, including degradation and 
nutrient cycling, and the prevention of harmful and pathogenic organisms. 
The soil health indicators must be comprehensible and useful to farmers, and 
they must be easy and inexpensive to measure. Soil health indicators are tools 
for developing sustainable management systems for the future (Nunes et al. 
2020). In particular, the new or further developed biological indicators are 
needed to study resilient plant-soil production systems. 

Microbial ecology studies recognizing the diversity of microbes have mostly 
been performed within single fields describing treatment effects on site level. 
They are needed for detailed observations and controlled treatments. 
Additionally, long-term field experiments (LTEs) are necessary to 
demonstrate slow changes characteristics for soil properties (e.g. Babin et al. 
2019). The generalization of treatment specific changes from single field 
studies into larger ecological context is sometimes difficult due to site-specific 
characteristics, like cultivation history, soil type, weather parameters and 
general management practices. Cross-site studies are needed for the 
identification of treatment specific changes that have significance on regional 
and global scales (Fierer et al. 2009). 
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2 AIMS OF THE STUDY 

Soil microbes offer ecosystem services for biological crop nutrient availability 
and pest control, both of which are crucial for sustainable agriculture. The 
general objective of the thesis was to study the impacts of key agricultural 
management practices to improve the activity of beneficial soil microbes 
relevant to the sustainability of modern agriculture and food production in 
boreal climate. Additionally, the goal was to identify useful microbiological 
indicators for soil health monitoring. 

 
The specific aims of the study were: 
1) To study the effects of long-term autumn tillage practices (no-till, 

reduced tillage, ploughing) on soil microbial communities, and their 
impact on the soil general plant pathogen suppressiveness 
(‘fungistasis’; test pathogen fungus Fusarium culmorum). [I, II] 

2) To examine the impact of autumn tillage practices and crop sequence 
(monoculture, crop rotation) on the prevalence of soil borne pathogen 
Fusarium culmorum on the crop plants and grains. [II] 

3) To investigate the soil carbon pools and allocation after long-term non-
inversion autumn tillage methods and crop sequence. [II] 

4) To find out the impact of crop selection on the infectivity and biomass 
of natural AMF strains in bulk and rhizosphere soil. [III] 

5) To identify simple indicators for beneficial soil microbial activity on soil 
quality studies. [I-III] 
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3 MATERIALS AND METHODS 

3.1 STUDY CONCEPT 

Overview of the concept of the study is shown in Figure 1. 
 
 

 
 
 
 

Figure 1.  Overview of the concept of the study. The topics of the articles in the thesis are 
indicated by their Roman numerals [I-III]. 

3.2 STUDY SITES, EXPERIMENTAL SET-UPS AND 
SAMPLING 

The study fields represent typical arable soils in Finland. The study sites for 
the articles II and III were located in southern Finland at the Jokioinen 
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 of Natural Resources Institute Finland 
(Luke; former name till the end of 2014: MTT Agrifood Research Finland). In 
article I, six field sites with long-term (8 to 11 years) no-till management next 
to the ploughed fields were selected for the study. Three sites were located in 
Jokioinen, the others in Vihti (60°21’N, 24°22’E), Säkylä (60°58’N, 22°31’E) 
and Ylistaro (62°46’N, 22°50’E) (Fig. 2). The soils were classified (IUSS 
Working Group WRB, 2007) as Eutric Regosols in Säkylä and Ylistaro, and 
Vertic Cambisols in Jokioinen and Vihti. 

 
 

 
 

Figure 2.  Locations of the study sites in Finland. From north to south: Ylistaro [I], Säkylä [I], 
Jokioinen [I, II, III], Vihti [I] (References to the Articles in parentheses). 

 
For article I, pairs of no-till (at least eight years before soil sampling) and 
annually autumn ploughed (20 25 cm depth) fields were cultivated with 
spring cereals (except one case with spring turnip rape Brassica rapa subsp. 
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oleifera). Composite soil samples (0 5, 5 10, 10 20 cm depth) were taken in 
the autumn before tillage. 

 
For article II, one of the long-term experimental fields in Jokioinen, sampled 
for article I, was used in the study. The experimental design contained two 
factors: tillage (main-plot factor) and crop sequence (split-plot factor). The 
field experiment was established on a clay soil in the year 2000 to compare 
different primary tillage treatments: i) autumn ploughing (mouldboard 

-till (direct drilling in spring). Since 2011, two 
different crop sequences were established. Spring barley (Hordeum vulgare) 
monoculture was continued, and a four-year crop rotation system was started: 
spring barley (2011), faba bean (Vicia faba) (2012), spring oats (Avena sativa) 
(2013), spring turnip rape (Brassica rapa subsp. oleifera; 2014). Composite 

-plot were collected 
in the autumn 2013 before tillage. 

For the analysis of Fusarium spp. contamination, the samples of 
developing grain were collected three times during the growth period. The 
whole plants for the stem base studies were collected two weeks after the 
heading phase. Fusarium species on stubble were investigated after harvest. 

 
For article III, a 3-year field experiment was established on a sandy clay soil 
to study the impact of crop plants on the infectivity of the natural AMF strains 
and their occurrence in rhizosphere and bulk soil under a wide selection of 
crop species. Ten different crops were grown in a randomized block design 
with three replicates. The experiment consisted of five annual and five 
perennial crop species. The annuals were: barley (Hordeum vulgare), 
buckwheat (Fagopyrum esculentum), flax (Linum usitatissimum), false flax 
(Camelina sativa) and quinoa (Chenopodium quinoa) and the perennials 
were reed canary-grass (Phalaris arundinacea), timothy (Phleum pratense), 
nettle (Urtica dioica), caraway (Carum carvi) and dyer’s woad (Isatis 
tinctoria). Five of the crops typically have mycorrhiza, i.e. barley, flax, reed 
canary-grass, timothy and caraway, whereas buckwheat, dyer’s woad and 
nettle were assumed to be non-mycorrhizal. No clear information on 
mycotrophy was available for false flax and quinoa. 

During the second year, rhizosphere and bulk soil samples were collected 
at the ripening stage (annuals), or at the end of the growing season. 

3.3 ANALYTICAL METHODS 

The chemical, physical and biological methods used in this doctoral thesis are 
summarized in Table 3. The appropriate statistical methods were used for 
analysing the data (Table 4). Detailed information regarding the methods is 
provided in the articles. 
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Table 3. Summary of the chemical, physical and biological methods. 
 

Method1) 
 

Article 

Soil chemical and physical background analysis: 
     I: pHH2O, Ntot, whc, soil porosity, bulk density, texture 
    II: pHH2O, EC, Ntot, Nmin, PAcetate, bulk density 
   III: pHH2O, Ntot 0.5 M acid ammonium 
        acetate, pH 4.65) 

I, II, III 

Soil organic carbon (SOC) I, II, III 
Particulate organic matter carbon (POM-C) II 
Microbial biomass (PLFAtot or Cmic) I, II, III 
Fungal biomass (PLFA) I, III 
AMF biomass (NLFA) or other indicators I, III 
Microbial communities (PLFA, T-RFLP bacterial and actinobacterial) III 
Fungistasis I, II 
Crop disease prevalence (Fusarium sp.) II 
Crop yield II 
  

1) For the explanations of abbreviations, see p. 14. 
 

Table 4. Summary of the statistical methods. 
 

Method 
 

Article 

Shannon and Simpson diversity indices I 
Nonparametric analysis of similarity (ANOSIM) I 
Principal components analysis (PCA) I 
Paired t test I 
Pearson or Spearman’s rank-order correlation coefficients I, II, III 
Statistical model of split-plot experimental design II 
Coefficient of variation (CV) II 
Statistical model of randomized block design III 
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4 RESULTS AND DISCUSSION 

The results of the thesis are presented in three articles [I-III]. In addition, 
some unpublished data is presented (data from experiment [III]; Fig. 6). In 
this chapter a synthesis of the key findings is presented and discussed. 

4.1 AGRICULTURAL TILLAGE SYSTEMS AND 
GENERAL SOIL DISEASE SUPPRESSION 

The effects of autumn primary tillage systems on soil fungistasis in mineral 
arable soil in the boreal climate were studied [I, II]. Compared to conventional 
ploughing, non-inversion tillage systems were shown to alter the vertical 
distribution of soil chemical, physical and microbiological properties [I, II]. As 
noticed by Muukkonen et al. (2007) and Ogle et al. (2019), the more tillage 
was reduced, the more nutrients and carbon accumulated on the surface and 
the less was placed in the deeper layers. Soil carbon fractions (SOC, POM-C, 
Cmic) were concentrated on the soil surface, thus creating a resource gradient 
(Fig. 3) that was shown to have effects on soil microbial functions [II]. 

After the long-term different tillage treatments, the ploughed treatment 
contained less SOC and Cmic on 20 cm depth compared to the non-inversion 
treatments, but the difference turned in many case to non-significant with the 
equivalent soil mass results (see Table 5) [II]. Reduced tillage has often been 
referred to as a tool for carbon sequestration in agriculture. Globally, soil 
carbon losses are major concerns that cause CO2 emissions and accelerate 
global climate change. In Finland, the SOC loss from arable land (mineral soil) 
in recent decades has been 0.4% per year-1 from top 15 cm (Heikkinen et al. 
2013). From a 30-year field experiment, Singh et al. (2015) concluded that 
reduced tillage or straw management treatments offer only limited changes for 
soil carbon sequestration in spring grain monoculture cultivation systems in 
the boreal region. In the review by Ogle et al. (2019), the SOC storage was 
shown to be higher in no-till cultivation in some soil types and climatic 
conditions, but uncertainties tend to be high, and no-till can be better 
considered as a method to reduce soil erosion and adapt to climate change. 

Soil labile carbon (POM-C) and microbial biomass carbon (Cmic) 
concentrations were positively correlated with improved soil fungistasis in the 
soil surface layer [I, II]. The results show that soil conditions for soil 
microbiome can be improved by reducing mechanical disturbances and 
increasing the amount of SOC, especially labile carbon (POM-C). SOM 
improves the water holding capacity of the soil, which is an important feature 
for crops in drought conditions (Lal 2016; Nunes et al. 2020). This could be 
one explanation for why the role of the tillage system in soil suppression may 
vary depending on the general conditions and activity of the soil. 
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Figure 3.  Soil carbon fractions (SOC, POM-C, Cmic 

cm depth) under ploughing (top), and after 14 growing seasons of reduced tillage 
(middle) and no-till (bottom). At each depth, upper results after two years of crop 
rotation (CR), lower results monoculture (MC). [II] 
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Table 5. Soil carbon stock of different carbon fractions after different tillage and crop 
sequence management. Soil Organic Carbon (SOC; kg m-2), Particulate Organic 
Matter Carbon (POM-C; g m-2) and Microbial Biomass Carbon (Cmic; g m-2) in the 
soil profile either calculated as carbon content on 20 cm topsoil or as equivalent soil 
mass (eq; 200 kg m-2  ±sd. The number of observations (n) is 24 for 
each response variable. (Modified after [II]) 

 
Management Soil Carbon Pools 

Tillage 

 

*Crop 
sequ-
ence 

SOC20cm SOCeq 

 

POM-C20cm POM-Ceq Cmic20cm Cmiceq 

Plough MC 6.26±0.2b 5.15±0.2b 323.8±57.7a 276.3±43.8a 79.42±4.9c 65.31±3.1b 

Reduced 
Tillage 

MC 6.73±0.3a 5.22±0.2ab 438.6±88.0a 348.5±40.2a 86.82±2.8b 69.22±3.1b 

No-
Tillage 

MC 7.07±0.1a 5.52±0.1a 435.6±48.9a 356.1±29.9a 92.91±5.8a 74.36±5.8a 

        
Plough CR 6.48±0.3b 5.34±0.3a 255.5±171b 226.3±116b 80.66±5.6b 66.54±3.9b 

Reduced 
Tillage 

CR 6.78±0.5ab 5.36±0.4a 400.2±56.9a 322.2±16.4a 89.80±5.1a 73.48±4.2a 

No-
Tillage 

CR 7.10±0.1a 5.57±0.2a 416.3±94.8a 323.6±40.7a 95.49±3.1a 77.04±2.6a 

*The results after barley monoculture (MC) or two growing seasons of crop rotation (CR). 
aThe different letters refer to statistically significant differences within each comparison. 

 
At the top 0–5 cm of soil, ploughing treatment had often the least 

suppressive soil against the test pathogen fungus, toxin-producing F. 
culmorum, while reduced and no tillage treatments had the tendency to 
improve fungistasis activity [I, II]. Below the first 5 cm, no statistically 
significant differences in fungistasis were observed between tillage treatments 
[II]. Fungistasis is an inherent property of natural soil that is primarily 
mediated by the soil microorganism and is associated with the suppression of 
soil plant pathogens. The results further showed a correlation between soil 
fungistasis bioassay results and the prevalence of the pathogenic test fungus 
Fusarium culmorum on the field cereals (Fig. 4). The negative correlation 
between fungistasis activity in the soil and the presence of the test fungal F. 
culmorum in the stem base of cereals was clear at monoculture farming [II]. 
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Figure 4.  Soil Correlation between fungistasis activity in soil [y-axis; mm2 at the surface 
bioassay; the smaller area - the stronger fungistasis] and (A) prevalence of test 
fungus F. culmorum [x-axis; %] on crop stem base; Triangle=monoculture (r=0.59, 
p=0.04), Square=rotation (oats), r=0.45, p=0.15 (all tillage treatments combined), and 
(B) yield [kg ha-1]; Triangle=monoculture (r=-0.29, p=0.35; without an outlier(*r=-
0.15, p=0.03), Square=rotation (oats), r=0.18, p=0.58 (all tillage treatments 
combined)). (Reprinted with kind permission from the copyright holder) 

 
Fusarium head blight (FHB) is a serious threat to grain harvest and grain 

quality. It is a soil and residue borne disease caused by several Fusarium 
species and is expected to benefit from the warmer and wetter climate of the 
future in the boreal region (Hofgaard et al. 2016; Parikka et al. 2012). The 
increasing use of non-inversion tillage practices and the increased amount of 
grain surface residues were expected to lead to an increase in Fusarium toxins 
in cereals (Hofgaard et al. 2016). Recently, however, this risk was not 
confirmed by an extensive study in Finland (Kaukoranta et al. 2019). Also, this 
was confirmed by Friberg et al. (2019), who found that OTUs (Operative 
Taxonomic Unit) representing putative plant pathogens (Fusarium culmorum 
/ graminearum) were less abundant after non-inversion tillage. 

Long-term non-inversion management leads to depth-related 
differentiation of the microbial communities and develops high fungal 
biomass in the topsoil [I]. Of the most common Fusarium species, the 
predominantly saprophytic F. avenaceum was more abundant in non-
inversion practice, whereas in pathogenic species the opposite was true [II]. 
The correlation was particularly strong between soil fungistasis and fungal 
biomass, indicating that the level of soil fungistasis was high when fungi were 
abundant in the soil [I]. It is likely that the abundant presence of fungi in the 
soil is important for fungistasis by promoting competition between fungi and 
inhibiting the growth of pathogenic fungi. During the past decades, several 
fungal strains have been isolated with known biocontrol activities against 
fungal pathogens (e.g. Li et al. 2018). There are also indications that antifungal 
properties in bacteria are more prevalent in fungal-rich environments due to 
selection pressure on bacteria (de Boer et al. 2008). 

A B 
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Sharma-Poudyal et al. (2017) concluded that tillage practices have a 
significant impact on soil fungal communities in agricultural systems. Their 
results suggest that more common taxa in no-till are better suited for the 
utilization of degenerating roots as a food source and potentially act as root 
endophytes. Another possibility, however, is that tillage is a mechanical 
disturbance in fungal populations and hyphal networks, and they are 
negatively affected (Brito et al. 2012; Gottshall et al. 2017). 

There is accumulating evidence showing that the suppressive functions are 
the activity of the entire soil microbial community, and not caused by some 
individual beneficial microbes (Toyota and Shira 2018). Additionally, the 
microbial taxonomic diversity is not associated with the suppression 
(Bonanomi et al. 2018; Mehta et al. 2016). Actually, van Agtmaal et al. (2018) 
showed that community properties of microbes explained only a small part of 
the natural suppression of diseases. The microbial community pattern has an 
impact on the soil functionality, but not necessary in a direct way (Siegel-Hertz 
et al. 2018). Possibly the activity of microorganisms may be directly related to 
targeted activity (such as disease suppression) only in the presence of certain 
other community members without their direct involvement (Tyc et al. 2014; 
Williams et al. 2014; Chao et al. 2016). 

In summary, the results of the thesis show that the optimized management 
strategies have the potential to improve microbial related soil fungistasis in 
boreal climate [I, II] (see Fig. 5). In the cross-site study, soil fungistasis could 
not be generally linked to a specific tillage system but could be linked to high 
microbial and fungal biomasses and high labile carbon content in soil [I]. High 
resources for soil microbes and their general activity, as well as high amount 
of microbial biomass and saprotrophic fungi at the site are important 
determinants of soil fungistasis. The field observations of the thesis confirmed 
that the general suppression of plant pathogens could be improved by 
agricultural management although the effects of specific management 
practices should not be directly and generally related to disease suppression 
activity [I, II]. Effects on the fungal community and crop performance should 
be considered in relation to the crop sequences used. 
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Figure 5.  Soil A conceptual model describing interconnections between hyphal biotest, soil 
fungistasis, and soil resources for microbes. (Modified after [I]) 

4.2 CROP DIVERSITY AND THE ECOSYSTEM 
SERVICES OF SOIL MICROBES 

A long-term field experiment in tillage systems with two different short-term 
crop sequences of annual crops was carried out [II], as well as a 3-year field 
experiment with ten different crop species in a randomized block design [III]. 
After only two growing seasons of crop rotation, chemical, physical and 
microbiological characteristics were not substantially different from barley 
monoculture, although the averages were consistently higher in crop rotation 
[II] (carbon fraction results see Fig. 3, Table 5).  

Generally, in rhizosphere soils [III], the amount of microbial biomass 
(PLFAtot) was higher than in bulk soils (except for buckwheat), which was 
particularly clearly visible at the time of ripening (Fig. 6) [unpublished data 
from III]. Additionally, the rhizosphere soils under perennial plants had 
greater microbial biomass than soils under annuals at ripening. All in all, the 
differences between annuals and perennials and due to single plant species 
were more pronounced at ripening than at the flowering stage. The amount of 
microbial biomass in the rhizosphere soil of perennial plants increased 
significantly between flowering and ripening, whereas for annual plants this 
was not the case. PLFAtot was greater in rhizosphere samples than in bulk soil 
samples at ripening for all other plants than for buckwheat. Generally, the 
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common cereal crop barley has quite a modest amount of microbial biomass 
in the root zone (Fig. 6). 

 

 
 

Figure 6.  Soil The amount of PLFAtot [nmol PLFA g-1 (dw) soil] in rhizosphere (Rhizo) and 
bulk (Soil) soil during flowering (F) and ripening (R) under different annual and 
perennial crop species. Statistically significant differences (p<0.05) are marked 
with an asterisk. Comparisons were made between rhizosphere soil during 
flowering and ripening, and between rhizosphere soil and bulk soil during ripening. 
[Unpublished data from experiment III] 

 
Kätterer et al (2011) concluded, based on a long-term field experiment 

established in 1956 that, compared to above-ground plant residues, the root 
system is more important in the formation of stable soil organic matter. Crop 
rotation does not automatically improve the carbon sequestration, unless 
there is a carbon input in the form of root biomass or cover crop. Root biomass 
of annual plants starts to diminish after flowering, before the ripening stage 
(Pietola 2005). In a pot experiment with the same crop selection as in Fig. 6, 
Hakala et al. (2009) found a fast root dry matter (DM) accumulation at the 
beginning of the growing period in barley, but towards the end of the period, 
perennials exceeded  of all annuals. 
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The crop mycotrophy differed between the crop species [III] (Fig. 7). As 
expected, all mycorrhizal crops were infected by arbuscular mycorrhizal fungi 
(AMF). Commonly cultivated crops barley and timothy were only moderately 
infected. The non-mycorrhizal crops - buckwheat, false flax and nettle - were 
not infected. Quinoa, belonging to the usually non-mycorrhizal 
Chenopodiaceae family, showed moderate AMF root colonization [III]. The 
mycotrophy of the host crop affected all the AMF markers analysed compared 
with soils where non-mycorrhizal plants had been cropped two years. 
Mycorrhizal crops resulted in higher levels of MPN propagule numbers and 

levels in bulk soil were an exception) [III]. Overall, caraway and reed canary-
grass caused the highest levels of mycorrhizal biomarkers, whereas in all four 
non-mycorrhizal crops the AMF markers were at low levels [III]. 

 
Figure 7.  -1 

(dw) soil ± sd] in rhizosphere and bulk soil during ripening under different annual 
and perennial crop species. Statistically significant differences compared to barley 
(bulks soil and rhizosphere soil separately) are marked with an asterisk (p<0.05). 

 
The selection of cultivated crop species is narrow and monoculture 

widespread in agriculture today (Altieri et al. 2015). The results suggest that 
choosing a crop species with strong colonization by AMF could increase the 
AM fungal content in the soil, compared with common cereal crops like barley 
[III]. These results are in agreement with the many studies on which various 
crops and crop rotations have affected AMF propagule numbers in soil (e.g. 
An et al. 1993, Troeh and Loynachan 2003, Vestberg et al. 2005; Tkacz et al. 
2015). Flax is known to be very much dependent on the AMF (e.g. Kahiluoto 
et al. 2000). This all indicates the importance of the holistic nature of the 
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sustainable farming and sustainable intensification of crop production. Good 
correlation between microscopic AMF infection results and a relatively rapid 
and inexpensive NLFA results confirm the usefulness of NLFA analysis as a 
simple indicator of soil health. 

 
 
Figure 8.  Correlation between AMF root colonization [%] (y-axis) and NLFA 

NLFA g-1 (dw) soil] (x-axis) in rhizosphere soil (left) and bulk soil (right) under 
different annual and perennial crop species (see Fig. 7). Rhizosphere soil: 
R2=0.541 (without an outlier (flax) (* R2=0.9031), bulk soil: R2=0.531 (without an 
outlier (flax) (* R2=0.876). 

 
In conclusion, the diversification of crop selection has potential to 

significantly affect the rhizosphere microbiome. Practically always, the 
rhizosphere microbiome has a higher microbial density and activity, compared 
to the bulk soil. However, the microbial diversity in the rhizosphere is typically 
lower than that of the bulk soil (Philippot et al. 2013). The impact of crop 
selection is especially important when it comes to the AMF content and 
infections in the arable soil. The mycotrophy of crop species varies strongly 
and should be tested for varieties and for local conditions (also see Ryan and 
Graham 2018). Crop plants with AMF are one option to improve the 
sustainability of agricultural crop production. Other complementary or 
alternative ways to benefit from AMF ecosystem services are cover crops 
diversification through crop rotation and intercropping (especially with 
legumes; Ryan and Graham 2018). The crop sequence and the choice of the 
tillage method had a combined effect on soil organic carbon (SOC) 
sequestration. A large variation of different actions to diversify plant diversity 
in arable fields should be on focus in the future, like crop genetic diversity 
(incl. varieties) and temporal (crop sequence) and spatial (cover crops, inter 
cropping, mixed cultures) diversity. The choice of agricultural management 
practices is proved to be a key for sustainable agricultural production. 
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4.3 SUSTAINABLE AGRICULTURE AND SOIL HEALTH 
ESTIMATIONS 

With the help of long-term field experiments, we explored the still inconsistent 
view of the impacts of ploughing and non-inversion tillage systems and crop 
sequence on the soil chemical and microbial properties (quantity, quality, 
vertical distribution). Our results showed that the conditions for soil microbial 
communities can be manipulated by the choice of the appropriate tillage and 
crop sequence system [I-III]. The utility of biological indicators as tools for 
crop producer soil health assessments was confirmed by Nunes et al. (2020). 
They demonstrated the sensitivity of biological soil health indicators to short-
term changes in management practices. 

The findings of the thesis demonstrated the correlation between the 
laboratory surface assay for fungistasis and the prevalence of the pathogenic 
test fungus Fusarium culmorum on the crop cereals in the field [II]. This 
makes the laboratory assay a potential tool for estimating the risk of Fusarium 
in cereals. Further, the labile carbon POM-C turned out to be a useful indicator 
of the general soil disease suppressiveness [II], as well as soil carbon fractions 
SOC and microbial biomass carbon, which are already established soil quality 
indicators (Karlen et al. 1997; Lehman et al. 2015). Similar to this, Bongiorno 
et al. (2019b) found labile carbon and microbial biomass to explain soil 
suppressiveness in the soil. Labile carbon is important for the maintenance of 
an abundant and active soil microbiome, essential for the function of 
suppressive soil. They analysed several chemical, physical and biological soil 
quality indicators from the study fields across Europe.  

For the monitoring purposes of AMF, the signature fatty acid analyses are 
fast and a higher throughput can be achieved (Palojärvi 2006). In this thesis, 
separate sampling from bulk and rhizosphere soil showed clear rhizosphere 
effect on the microbial abundance (clearly higher PLFAtot values in 
rhizosphere soil than in bulk soil), but for AMF fatty acid indicators the 
difference was unclear [III]. Differentiation of the rhizosphere soil from the 
bulk soil is a time-consuming procedure. Taking into account the advantages 

adequate method as an indicator of AMF propagule biomass in soil. 
More effort should be taken to develop simple test methods and 

interpretation aids to enable the farmers and other landowner to take the 
action in the soil health monitoring as new management practices are 
implemented (Bünemann et al. 2018). 
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5 CONCLUSIONS 

This thesis adds to the overall goal of sustainable and resilient agricultural 
crop production in boreal climate. It sheds light to the burning question of 
managing soil borne pathogens with the help of soil emerging suppressive 
activity. The findings highlight the influence of agricultural management 
strategies for soil microbial communities, their ecosystems services in the 
form of general soil-borne pathogen suppression and various arbuscular 
mycorrhiza activities, and thereby in plant health in boreal climate. The 
usefulness of some biological soil health indicators was confirmed 

The impacts of key agricultural management practices: 
• The long-term non-inversion soil management (reduced and no tillage) 

and diverse crop sequence have potential to support the general plant 
pathogen suppression, compared to the conventional ploughing. The 
most significant determinants are resource availability (labile carbon) 
and saprotrophic fungi. 

• The long-term non-inversion soil management and diverse crop 
sequence have potential to improve crop yield and reduce the 
prevalence of soil borne pathogen Fusarium culmorum on the crop 
plants. 

• The long-term non-inversion soil management and diverse crop 
sequence change the vertical distribution of carbon fractions and 
accumulate the SOC, labile carbon (POM-C) and microbial biomass 
carbon in the soil surface layer. Crop sequence and the choice of the 
tillage method potentially have integrating effects with respects to SOC 
sequestration. 

• Due to variable mycotrophy of different crop species, the crop selection 
has a strong impact on the infectivity and biomass of natural AMF 
strains in bulk and rhizosphere soil. 

• Perennials attract more microbes on the rhizosphere with a growing 
microbial biomass towards the end of the growing season, compared to 
annual crops where microbial content decreases after flowering period. 

Simple soil health indicators for soil microbiological ecosystem services 
and soil health monitoring: 

• 
analysed from the field bulk soil are adequate methods as simple 
indicators of AMF propagule biomass in soil. 

• The soil surface fungistasis bioassay is a useful tool for monitoring 
general soil suppressiveness. 

• Labile carbon (POM-C) is a useful indicator of the general soil disease 
suppressiveness. 
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• Total microbial biomass (as microbial biomass carbon Cmic) and fungal 
biomass are useful indicators for biological soil health. 

Soil microbiota plays a key role in plant health and productivity. Disease 
suppressive soils represent an underutilized resource for the control of soil 
borne pathogens of agricultural food production. However, the mode of action 
is ambiguous; the interactions between crops, microbiota and management 
practices are of fundamental importance.  

Following the findings of this study, it is crucial to take into consideration 
the functionality of the whole soil microbiome when planning optimal 
agricultural management practices. New methods offer possibilities to study 
interactions within microbiota (e.g. network methods; Toju et al 2018). Long-
term field data is needed as a basis for reliable results and for detecting slow 
changes. In addition to yields, it is important to look at changes in soil and the 
environment, as well as economic profitability. 

As stated by Bakker et al. 2020 in their article ‘The Soil-Borne Identity and 
Microbiome-Assisted Agriculture: Looking Back to the Future’: ‘We have faith 
that when they [young scientists] look back to the future, microbiome-assisted 
agriculture will be flourishing.’ 
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