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1 Introduction 

 

Soil is the largest terrestrial carbon (C) pool and has a pivotal role in the global carbon 

cycle and climate regulation. Dynamic part of the soil carbon is included in soil organic 

matter (SOM), of which approximately 50 % is elemental carbon. Soil carbon pool is in 

a direct feedback loop to the climate and even a small decrease in soil C amount could 

lead to rise in atmospheric carbon content and consequent temperature rise. Hence, 

increasing soil organic carbon storage could be viable option for mitigating the effects 

of climate change.  

Soil organic matter is also crucial for soil quality and fertility and preserving it is of 

utmost importance to face the challenges that climate change will set for sustainable 

crop production and global food security. SOM may preserve in the soil for even 

thousands of years, but conversion of natural ecosystems to croplands (e.g. Guo & 

Gifford 2002, Karhu et al. 2011) and prevailing agricultural practices (e.g. Heikkinen et 

al 2013, Sanderman et al. 2017) have promoted its widespread loss. By choosing 

particular agricultural management practices (such as applying organic soil 

amendments or adopting reduced tillage or crop rotation, Paustian et al. 2016), 

agricultural soil could shift from being the source of atmospheric carbon to its sink.  

For better future management of SOM stocks, more knowledge about factors and 

mechanisms controlling the dynamics of agricultural soil organic matter is needed. 

However, due to the heterogenous nature of soils, setting broadly generalized 

instructions for increasing SOM stocks is impractical. Therefore, research is needed to 

determine the array of appropriate agricultural management practices and to find 

feasible indicators that can be analysed to verify the effects of the different 

management practices on SOM pools in different environments and soil types. 

Aim of this thesis was to determine how organic soil amendments effect on soil 

aggregate structure, carbon content of soil aggregates and prevalence of root-

associated fungi (arbuscular mycorrhizal fungi and dark septate endophytes). Applying 

organic soil amendments is favourable for recycling nutrients and could improve 

various soil properties, such as soil aggregation and hence the soil quality. Aggregates 

are structural soil units that can physically shelter soil carbon, as well as promote plant 
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production properties of soil. Fungi are providing ecosystem services, among these 

they are key players in soil carbon and nutrient cycling, enhancing sustainability of 

crop production. They also have a part in soil aggregate formation and carbon 

preservation. Since the data for this thesis was gathered from Finland, viewpoint of 

this thesis is mostly the one of boreal mineral crop land.  

This Master’s thesis is done as a part of Carbon Action-project that is founded by Baltic 

Sea Action Group in 2018 and coordinated by the Finnish Meteorological Institute. 

Other participants of the research network are Natural Resources Institute Finland 

(LUKE), Finnish Environment Institute (SYKE), University of Helsinki, University of 

Tampere, University of Zürich and Ruralia Institute. Carbon Action project contributes 

to worldwide research efforts to find ways to sequester carbon to agricultural soil and 

its aim is to find agronomic practices that increase the amount of SOM in Finnish 

croplands. Network of 100 farms is established to test these methods in practise. 

 

2 Background 

 

2.1 Soils as a part of the global carbon cycle  

 

Carbon (C) on earth is stored in different pools, such as soil, atmosphere, ocean or 

bedrock (Figure 1). Majority of the carbon is inorganic (i.e. not derived from living 

organisms) and bound to carbonate minerals (Oelkers et al. 2008) or buried in the 

deep ocean (Figure 1). Carbon is a building block of organic molecules, and soil organic 

carbon derives from living organisms and is a part of biogeochemically active, relatively 

fast cycling C pool (Jackson et al. 2017). 

Carbon flows globally between different pools in the carbon cycle. Numerous factors 

regulate the flow of carbon and as a result, time that carbon stays in certain C pool 

alters. Soil carbon stock refers to the amount of C that is stored in the soil at certain 

timepoint (FAO 2019). Flow rate of carbon depends on a process that moves carbon 

from one of the pools to another. 



8 
 

 

Figure 1. The carbon cycle. Amount of carbon in different pools in petagrams (1 Pg = 1 x 1015 g) and the 

fluxes as Pg C yr-1. The + and - -signs indicate the annual change in the amount of C in the pool. In the 

circle ‘Anthropocene’ are emissions from anthropogenic activities: EFF = emissions from fossil fuel 

combustion, ELUC = emissions from land use conversion.  Figure by Suvi Tikka, modified from Lal 2018. 

Carbon pools can be divided to long-term and dynamic pools. Three of the largest 

carbon pools found from Earth, bedrock, deep ocean and fossil carbon pools are long-

term pools. Carbon can remain in these pools for extended period of time, even 

millions of years (Berner 2003). Flow of carbon can also be dynamic, and C can readily 

move from one pool to another. Soil and vegetation are examples of these shorter-

term, more dynamic C pools, that detain carbon for relatively short time, from days to 

thousands of years (Stockmann et al. 2013), before it moves to another pool.  

Soil is the largest biogeochemically active terrestrial carbon pool (Lal 2018). It has four 

times the amount of carbon that can be found from terrestrial vegetation (Figure 1) 

and twice as much as in atmospheric pool. Even though soil and other shorter-term 

carbon pools contain considerably less carbon than long-term C pools, they play 

significant role in balancing atmospheric CO2 concentration and hence climate 

regulation due to their dynamic nature.  

 

Fast cycling part of soil carbon can be found from soil organic matter (SOM). 

Components of SOM have variable residence time in soil before organic matter 
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becomes decomposed and C returned to the atmosphere as CO2 (Stockmann et al. 

2013). SOM pools can hence be divided to labile (fast; C turnover time from days to 

years), stabile (slow; turnover time from years to decades) and recalcitrant (passive; 

turnover time from years to thousands of years) pools. 

Anthropogenic activities have altered the natural carbon cycle. As a consequence, 

atmospheric carbon dioxide level has risen 31 % from the beginning of the industrial 

era (FAO 2019) and rise is still continuing. Main cause is the use of fossil fuels, but also 

other human activities, such as agriculture (Heikkinen et al. 2013, Sanderman et al. 

2017) and associated land-use change (Guo & Gifford 2002) are returning CO2 to the 

atmosphere in unnaturally fast pace. Agriculture and associated land-use change 

deplete SOM pools globally causing 25 % of anthropogenic greenhouse gas emission 

(Paustian et el. 2016). 

Change from natural forests to agricultural fields or pastures can sift soil from being 

carbon sink to CO2 source (Figure 1) for a long time due to several reasons. In addition 

to vegetation change, agricultural practises, like soil disturbance and liming accelerate 

the decomposition of soil organic matter (Persson et al. 1995). While some loss of 

carbon is inevitable after changing the land use, there are many agricultural practices 

that are potentially suitable for preserving or increasing the soil organic matter 

content. However, since soil properties and environmental conditions are spatially 

highly variable, different management practices are best suited to increase SOM stocks 

in different soils (Heikkinen et al. 2013). Also, size of the soil carbon stock at the 

starting point matters; increasing C content of carbon depleted soil is probably more 

effortless than in the soil that already has a large carbon storage (Stewart et al. 2007). 

Most critical action for climate change mitigation would be to curtail greenhouse gas 

emissions, but surplus carbon should also be removed from the atmosphere. Since 

many agricultural soils have a potential to shift from carbon sources to carbon sinks, 

sequestering carbon to agricultural soil could mitigate the effects of climate change. 

Better understanding of the factors controlling the size of the SOM pool in various 

environments and circumstances is needed to regulate its size. 
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2.2 Organic carbon in agricultural soil 

 

Globally, the size of the soil carbon pool is large, but most agricultural soils contain 

only a minute portion of carbon as a part of soil organic matter (e.g. Oldfield et al. 

2019). SOM originates from plant residues and root exudates together with excretions 

and necromass of soil biota. Carbon first enters soil through photosynthesizing plants 

(in the form of plant litter and root exudates) and in agricultural soils, also in organic 

soil amendments (such as manure or biochar). SOM is chemically and physically 

diverse mixture of organic molecules in their various stages of decomposition that the 

actions of soil animals and microorganisms along with abiotic factors gradually alter 

(e.g. Lehmann & Kleber 2015). Approximately 50 % of SOM is estimated to be 

elemental carbon.  

Even though average amount of SOM in agricultural soils is relatively small, it is a key 

component in many of the ecosystem services that soil provides and soil carbon 

content has been shown to be linearly associated with the mean productivity of the 

soil (Sanderman et al. 2017). SOM supports soil fertility and stability in several 

manners (Oldfield et al. 2019); it provides nutrients for soil biota and plants, enhances 

soil water holding capacity, acts as a pH buffer and increases soil cation exchange 

capacity. SOM also improves soil structure by enhancing aggregate formation and 

stability, which increases soil pore space and advances water infiltration and gas 

exchange in the soil.  

Organic carbon is lost from soil mainly through microbial respiration as CO2 when 

decomposer mineralize organic matter. SOM attached to mineral particles can also be 

transported from agricultural soils during wind or water erosion (Lal 2003) and 

dissolved organic carbon can be lost with drainage waters (Manninen et al. 2018.) 

Balance between organic matter inputs and loss through mentioned mechanisms 

(mineralization, erosion and leaching) determines the size of soil carbon stock 

(Heikkinen et al.2013). 
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2.3 Factors regulating the amount of organic carbon in agricultural soils 

 

Many factors and mechanisms control the size of the soil organic carbon pool. Most of 

the fresh organic matter that enters soil is decomposed in relatively short time (labile 

SOM; stays in the soil from days to years, Stockmann 2013), but recalcitrant portion of 

carbon stays in the soil even thousands of years (passive SOM). Decomposition rate of 

SOM depends partly on the inherent chemical structure of the molecules, partly on soil 

properties and partly on environmental and biological factors (Schmidt et al. 2011). 

These aspects interconnectedly determine SOM residence time in soil. 

 

2.3.1 Climatic factors  

 

Climate effects on SOM production rate and turnover times. Climatic factors largely 

regulate the amount and quality of the carbon that ends up in the soil via plant litter 

and root exudates, as well as the activity of decomposer organisms.  In general, rise in 

temperature increases decomposer activity and hastens SOM mineralization, whereas 

cool conditions favour SOM accumulation (Ogle et al. 2004). Temperature sensitivity of 

SOM decomposition is also affected by SOM quality (Stockmann et al. 2013). Soil 

carbon content tends to increase with latitude, as does temperature sensitivity of SOM 

(Crowther et al. 2016). It is hence possible that rise in temperature reduces C stock 

especially in high latitudes. Many climatic factors effect to SOM accrual and 

mineralization interconnectedly with abiotic and biotic factors, which makes 

estimating the net effect of these different factors to SOM turnover time challenging. 

 

2.3.2 Soil physical and chemical factors 

 

Many properties of the mineral soil matrix play a role in stabilizing soil carbon. These 

include soil texture, especially its clay mineral content, clay mineral type and the 

amount of Al and Fe oxides and exchangeable calcium. Small mineral particles (such as 



12 
 
clay and oxides) have large specific surface area, which potentially provides them lots 

of binding sites for SOM. Interaction between soil mineral particles and SOM creates 

organomineral complexes (Kleber et al. 2007). Carbon that is bound to soil mineral 

matrix (as a part of organomineral complex) is considered to be fairly long-standing in 

soil and part of slow, stabile carbon pool (Stockmann et al. 2013). Chemical and 

physical properties of both soil and SOM play a role in the organomineral complex 

formation (Kleber et al. 2007) and as charge density of soil mineral surfaces varies, 

attachment of SOM to mineral surfaces is likely patchy. For example, Vogel et al. 

(2014) showed that SOM adhered to less than 19 % of clay surfaces, which indicates 

that only some proportion of clay-sized particle surfaces contribute to the carbon 

accrual to the soil. 

It has been suggested that exchangeable calcium and metal oxides together with soil 

pH may ultimately determine the maximum amount of carbon that can be stabilized to 

the certain soil (Rasmussen et al 2018). It was found in a large meta-analysis 

(containing 5500 soils profiles) that the amount of calcium (in arid environments) and 

metal oxides (in moist, acidic environments) are important in estimating soil SOM 

storaging capacity since these are the main agents in organomineral complex 

formation.  Dominant SOM binding mechanism to these agents seems to be 

dependent on pH. In lower pH, organo-metal complexation predominates and in 

higher pH, calcium complexation and cation bridging with soil minerals. 

 

2.3.3 Biological factors  

 

Plants are important in introducing carbon containing molecules to soil in the form of 

plant litter and root exudates and plant diversity has been shown to increase both soil 

microbial activity and carbon storage (Lange et al 2015). Rise in C storage is assumed 

to be driven by abundant underground carbon allocation but mediated by soil 

microbial activities. However, increased root exudation may also have opposite 

effects:  it may lead to release of SOM from organomineral complexes, exposing it to 

decomposition (Keiluweit et al. 2015) and loss of SOM due to priming effect (i.e., 

increased SOM mineralization when fresh organic matter (=substrate) is introduced to 
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the soil; Kuzyakov 2010). Priming effect partly regulates SOM turnover rate, especially 

in the subsoil. Warming-induced increase in decomposer activity may also accelerate 

SOM mineralization (Pries et al. 2017). 

Even though some part of SOM can be stable in soil for long periods of time, due to soil 

biological processes (decomposition), fresh supply of SOM is needed to maintain soil 

carbon content and SOM related beneficial crop production properties. However, 

actions of soil biota affect soil carbon pool also indirectly by modifying such soil 

processes that regulate primary production. For example, microorganisms have a role 

in aggregate formation and stabilization (Totsche et al. 2018) and decomposer actions 

benefit plant growth by releasing nutrients from SOM. 

Biological factors largely regulate the flow of carbon between soil and the atmosphere. 

Shredding and chopping of litter and other organic inputs by soil animals is important 

in early stages of SOM formation from fresh organic matter. Emerging view 

emphasizes the role of microbes in carbon stabilization; microbial actions can 

transform molecules from fresh organic matter into long-standing part of SOM 

(Schmidt et al. 2011), suggesting that they may ultimately control SOM stocks (e. g. 

Schmidt et al. 2011, Cotrufo et al. 2013). More than half of soil organic carbon is 

estimated to be microbial necromass (Liang et al. 2019). 

 

2.4 Organic soil amendments 

 

Organic soil amendments such as manure, compost or biochar, can be utilized in 

agricultural soils as they can improve soil quality by adding organic carbon to the soil 

and promote soil physical, chemical and biological properties more suitable for crop 

production (e.g Bulluck et al 2002, Melero et al. 2007). Improved soil quality may lead 

to enhanced plant growth and better crop yields, which may further enhance carbon 

sequestration through increased plant litter input and root exudation.  

Organic soil amendments can be manufactured either from virgin raw materials or 

from industrial by-products. Growing concern about environmental issues has created 

a need to control the nutrient flows in whole society-level in order to accomplish 
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sustainable use of natural resources (Marttinen et al. 2019). This has led to new ways 

utilizing nutrient rich industrial by- products, many of which have been traditionally 

disposed by burning. One of these new practices is the application of these by-

products as soil amendments to agricultural soils. 

Biochar is often used organic soil amendment. Biochar is produced in pyrolysis, 

incomplete anoxic combustion of organic raw material, from various organic raw 

materials (e.g. manure or by-products of forest industry). Biochar is highly C-rich and 

aromatic. Aromaticity makes it highly stable in the soil and therefore promising tool for 

carbon sequestration into the soil (Lehmann & Joseph 2015, p.1).  Stable biochar can 

remain in soil for hundreds or even thousands of years without being decomposed. 

Resistance is based on inherent chemical recalcitrance, physical protection (sheltering 

inside aggregates) and chemical associations with soil mineral matrix (Lehmann & 

Joseph 2015, p.256-261). 

By-products of forest and paper industry can also be applied as organic soil 

amendments. For example, alone in Finland, 578 000 tonnes of organic pulp and paper 

industry sludges are generated annually (Marttinen et al. 2018). These include carbon-

and nutrient rich wood fibres that can be applied as soil amendments.  

Chemical and physical properties of organic soil amendments are highly variable, 

depending partly on their raw material and partly on manufacturing process. Biochars 

and wood fibre- based soil amendments could increase soil organic carbon content 

and contribute to beneficial soil properties such as enhanced water holding capacity 

and aggregate structure formation (Lehmann & Joseph 2015, Bulluck et al. 2002). 

Organic soil amendments can serve as a carbon and nutrient source for soil animals 

and microorganisms, eventually also supplying nutrients for plants. Increased microbial 

activity by organic soil amendments could lead to increased amount of microbial 

necromass, which can potentially raise the size of the soil carbon stock since the 

fraction of SOM that is of microbiological origin is considered to be fairly stable in soil 

(e.g Liang et al. 2019). 
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2.5 Soil aggregates preserve soil organic carbon 

 

Soil aggregates form when soil primary particles attach to each other with various 

mechanisms, combining mineral fragments and SOM into different sized structural 

units (Bronick and Lal 2005). Arrangement of soil aggregates and the pore space 

between and within them determines soil structure.  

 

2.5.1 Importance of soil aggregates 

 

Soil aggregate stability is linked with the ability of the soil to store carbon (Bronick & 

Lal 2005). SOM decomposition rate decreases as SOM becomes sheltered inside of soil 

aggregates. Soil aggregates are also beneficial for crop production since aggregate 

structure prevents soil compaction and enables gas exchange from and water 

infiltration into the soil. This facilitates growth of the plant roots, which may lead to 

further soil C sequestration via increased plant biomass production and belowground 

carbon allocation (Six et al. 2000).   

 

2.5.2 Aggregate formation and turnover 

 

Aggregates are often divided into four size classes (Six et al. 2000) as follows: 

macroaggregates (> 2 mm), small macroaggregates (2 mm – 250 µm), microaggregates 

(250 µm – 53 µm) and silt and clay fraction (< 53 µm). Aggregation mechanism is 

considered to be partly dependent on soil properties (Bronick and Lal 2005). Small 

aggregate formation in clay soil begins with flocculation In flocculation, colloidal-sized 

soil particles (clay, metal oxides and SOM) attach to each other (Haynes & Naidu 1998). 

It is worth of note that also smallest fraction, silt and clay (< 53 µm), contains ‘mini-

sized´ soil aggregates (Totsche et al. 2018), especially on clayey soil where there are 

vast amount of particles smaller than 2 µm (mineral and SOM particles, organomineral 

complexes)  that can form structural entities smaller than 53 µm. According to Totsche 
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et al. (2018), primary binding mechanisms for small soil aggregates (especially for the 

ones < 20 µm) are Wan der Waals forces and ionic bonding via cation-mediated 

interactions. Organomineral complexes are considered to be fairly stable in soil (see 

section 2.3.2) and in silt and clay fraction may hold considerable proportion of soil C 

storage.  

Soil primary particles and constituents of silt + clay fraction (< 53 µm) can further join 

together to form microaggregates (250 – 53 µm). Organic glue -like compounds and 

interactions with metal oxides, aluminosilicates and carbonates enable the formation 

of microaggregate structure (Totsche et al. 2018). Microaggregates are considered to 

form relatively long-time carbon storage in agricultural soil. 

Macroaggregate is a cluster of microaggregates, which are considered to grow 

stronger within physical shelter that macroaggregate provides (Totsche et al. 2018). 

Mainly physical forces, intermediated by plant roots and fungal hyphae, hold 

macroaggregates together. Also intra-macroaggregate organic matter can facilitate the 

conglomeration of microaggregates into macroaggregates, as well as protect aggregate 

structure. Hydrophobicity of SOM (Bronick & Lal 2005) and fungal hyphae (Rillig & 

Mummey 2006) may hinder dampening of aggregates, making wetting less destructive 

for the soil structure. AMF hyphae is also important for formation and stability of large 

macroaggregates (Morris et al. 2019). 

Microbial and plant root excretions and presence of divalent cations are considered to 

be especially favourable for agricultural soil aggregation. In tilled soil, liming favours 

flocculation and microaggregate formation (Haynes & Naidu 1998). Rise in pH 

increases soil biological activity and often (depending on the used liming material) 

introduces favourable cations (especially Ca2+, also Mg2+) to the soil. As a consequence 

of increased biological activity, amount of root exudates and microbial exudates in the 

soil raises, which promotes aggregation and fortifies microaggregate structure. 

Divalent Ca2+ and Mg2+ cations can mediate interactions between mineral particles and 

SOM. 

Aggregation also generates anaerobic microsites into the soil, which are considered to 

be important for preserving soil carbon since absence of oxygen hinders SOM 

decomposition. According to Keiluweit et al. (2016), there may be considerate amount 
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of carbon in these microsites and this C preservation mechanism has been largely 

overlooked in SOM decomposition theories. This is possibly due to the assumption that 

all mineral agricultural soils would be well aerated, when in fact a large number of 

anaerobic microsites can be found also from them, for example inside of aggregates.  

Aggregation is continually ongoing, highly dynamic process where older aggregates 

disintegrate, and new aggregates are formed all the time. Balance between these two 

processes define the degree of soil aggregation on a certain time. Different sized soil 

aggregates may have different dynamics (Bronick & Lal 2005, Totsche et al. 2018); 

turnover time for larger aggregates is considered to be shorter than it is for smaller 

ones, since smaller aggregates are considered to better endure external disturbances 

exerted by for example cultivation or rainfall. By supporting soil processes that 

improve soil aggregate formation and stability could increase soil carbon stocks. 

 

2.5 Root-associated fungi 

 

Myriad of microbes are living in the soil. Especially rhizosphere, soil closest to the plant 

root, is rich in life (microbial hotspot) by virtue of nutrition that root exudates bring to 

the soil (Raaijmakers et al. 2009). Many of these microbes are harmless, some of them 

harmful and part of them beneficial for the plant growth. Among these microbes are 

abundant number of fungi, of which some are living in rhizospheric soil, close or 

attached to the plant roots and some inside of them (partly or entirely). Microbes that 

are living inside of a plant are called endophytes. Endophytic fungi observed in here 

are root-associated and fungal structures they form can be found inside of the plant 

roots.  

Arbuscular mycorrhizal fungi (AMF) and dark septate endophytes (DSE) are root-

associated fungi and common root colonisers in a wide range of plants and diverse 

habitats. Originally, these fungal groups were found microscopically and named based 

on the structures they form. Later, it has been found and suggested that all AMF 

belong to same phyletic group (Glomeromycotina or Glomeromycota; Spatafora et al. 

2016, Schüßler 2020), whereas DSE as a group is structurally determined (Berthelot et 

al. 2019, p.144). From these, functioning of AMF is better known and AMF has been 
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shown to hold the potential to benefit plant production (Jeffries et al. 2003) and 

increase soil carbon sequestration (Wilson et al. 2009). DSE have recently been getting 

more attention in research as they may be beneficial for the plant growth (Berthelot et 

al. 2019, p.159). 

Multiple factors influence to the coexistence of fungi and plant, making the nature of 

fungal-plant interaction somewhat fluctuating. For example, change in host plant 

physiology or environmental circumstances may change previously mutualistic 

relationship to pathogenic or neutral (Berthelot et al. 2019, p. 149, Johnson et al. 

1997). AMF are living in a symbiosis with plant, which is a prerequisite for fungi since 

they are dependent on carbohydrates that they receive from the host plant (Smith & 

Read 2008, p. 13). DSE can appear as both, root-associated and decomposer 

(saprotroph) in the soil (Berthelot et al. 2019, p. 159).  

 

2.5.1 Arbuscular mycorrhizal fungi 

 

Most land plants can form AMF symbiosis. Symbiotic relationship is often considered 

as a mutualistic continuum (e.g Johnson et al. 1997), as its advantages and 

disadvantages for the partners may vary with time. Commonly noted advantages of 

the AMF symbiosis for the host plant are the gain of water, nutrients (especially 

phosphorus) and protection from diseases (Jeffries et al. 2003). Fungal partner 

receives carbohydrates from the host plant.  

Mycorrhizas are often classified in different categories based on structures that fungi 

forms with plant root in a symbiotic relationship (Smith & Read 2008, p. 6). Arbuscular 

mycorrhizal fungi are endomycorrhizae that form structures (hyphae, arbuscules and 

vesicles, Figure 2) inside of the plant root. In symbiosis, AM fungal hyphae is growing 

also outside of the plant root, allowing fungal partner to acquire nutrients and water 

from the soil. These substances are then transferred inside the plant root to arbuscules 

and exchanged there to carbohydrates that plant provides to fungi. Fungi also forms 

vesicles, which are considered to be storage units for various substances.  
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Figure 2.  Fungal structures in oat roots. From up left, arbuscular mycorrhizal structures a) hyphe b) 

arbuscule and c) vesicle.  From down left, dark septate endophyte structures d) microsclerotia and e) 

microsclerotia that has stained with Trypan blue despite melanized brown pigment. Photo taken with 

Zeiss Axioskop 2 Plus microscope (Zeiss, Oberkochen, Germany). 

AMF symbiosis may provide many benefits for crop production and AMF abundance is 

shown to correlate positively with soil carbon content (Wilson et al. 2009). Presence of 

AMF can help in intensifying nutrient cycles in agricultural soil.  AMF forms hyphal 

mycelium to the soil surrounding the host plant. Mycelium can be extensive, and it 

enables nutrient and water acquisition from larger soil volume and from smaller soil 

pores than plant roots alone could attain.  Fungi can acquire nutrients from wide range 

of sources and from relatively large soil volume (Smith& Read 2008, p. 52). 

AMF may increase agricultural soil carbon content through various mechanisms. AMF 

may rise soil carbon content due to elevated belowground carbon allocation (fungal 

exudates) and there can be considerable amount of carbon found from both the 

biomass and senesced fungal remains in soils (Liang et al. 2019). AMF is also beneficial 

to soil carbon sequestration due to their contribution to aggregate formation and 

stabilization (Rillig & Mummey 2006, Morris et al. 2019). Filamentous AM fungal 



20 
 
mycelia assembles soil primary particles and smaller aggregate entities together, 

influencing especially in the formation of large macroaggregates (> 2mm). Increased 

macroaggregation may lead to soil carbon accrual, since macroaggregates increase 

microaggregate stability, also stabilizing soil carbon. 

 

2.5.2 Dark septate endophytes 

 

Dark septate endophytes (DSE) are ascomycetous fungi that live as dark melanized 

hyphae and microsclerotia inside plant roots (Berthelot et al. 2019, p. 143). They can 

be found from diverse range of ecosystems and host plants and have wide taxonomic 

and functional variety (Berthelot et al. 2019, p. 145, Ruotsalainen 2018). They grow in 

the plant roots alongside other root-associated fungi, such as AMF, but it is not known 

well how different types of fungi interact with each other. 

Dark septate endophytes do not have specialized structures (Figure 2.) for changing 

substances with plant (Peterson et al. 2008) and their ecological role is not fully 

understood (Berthelot et al 2019, p. 146). It seems that DSE could be abundant as a 

root-associated live form when environmental conditions are harsh for plants. For 

example, they can be found from the roots of plants growing in soils that are sodic or 

polluted with heavy metals (Berthelot et al 2019, p. 153) and protect plants from 

pathogens (Berthelot et al 2019, p. 156). DSE and plant may benefit from each other 

also when DSE are living in rhizosphere soil and not inside of the plant roots (Berthelot 

et al.   2019, p. 151-153). 

To date, roles of DSE in plant production or soil carbon sequestration are unclear. They 

may produce bioactive substances that improve growth of their host plant (Berthelot 

et al. 2019, p. 153), as well as provide nutrients from mineralized organic matter and 

alleviate multiple stresses plants encounter (Berthelot et al. 2019, p. 159). Therefore, 

at least in some cases, root-associated life form of DSE may benefit both fungi and 

plant, resembling symbiotic mycorrhizal relationships. DSE is an interesting group to 

study also because of their high melanin content, which could be important for 

accumulating of more stable SOM (Siletti et al. 2017, Li et al. 2017). 
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3 Research objectives 

 

The aim of this study was to determine how wood-derived organic soil amendments 

(two wood fibers and two biochars) affect soil aggregate structure, soil carbon content 

and root-associated fungi (AMF and DSE) two years after the amendment application.  

Specific research questions were: 

1) To study the effects of wood-derived organic soil amendments on soil 

aggregate stability, aggregate size class distribution and carbon content of 

different sized soil aggregates  

 

2) To study the effects of wood-derived organic soil amendments on fungal 

colonisation rate of oat roots 

The hypothesis was that applying organic soil amendments could increase the stability 

and amount of water-stable soil aggregates, raise soil carbon content and increase the 

abundance of endophytic fungi (AMF and DSE) in the oat roots.  

 

4 Materials and methods 

 

4.1 Field experiment 

 

The field experiment was established in Parainen, South-West Finland (60°17'44.3"N, 

22°23'35.7"E, 5 m above sea level) in September 2016. Objective was to determine 

whether studied organic soil amendments could increase the amount of soil organic 

matter and as a consequence, improve such soil properties that are critical for water 

conservation (i.e. reduce agriculture-caused nutrient loads) and also beneficial to crop 

production.  
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Experimental field is post-glacial subaquatic clay (Table 1; WRB soil classification). At 

the starting point, soil texture was determined with pipette method (Elonen 1971). 

Also soil total organic carbon (2.4 %; SE ± 0.02), C/N-ratio (8.8; SE ± 0.06) and pH (6.4; 

SE ± 0.02) were determined (all from 0-20 cm; analyses done at Ahma ympäristö 

Laboratories in Rovaniemi).  

Table 1. Soil texture in topsoil (0-20 cm) of the experimental field. 

 

 

The field was artificially drained, and it has been in agricultural use for decades. Prior 

to the experiment, the field was cultivated with cumin (Cuminum cyminum L, years 

2012 - 2014) and wheat (Triticum aestivum L, 2015 - 2016). In August 2016, field was 

sprayed with glyphosate-based Bronco- herbiside (Monsanto. 3 l diluted in 150 l of 

water ha-1) to terminate the previous crop. 

Field experiment was executed as one-factor (treatment) randomized complete block 

design. Plots (each 7 x 18 m) were and randomly allocated within three blocks (N = 3 

per treatment). Organic soil amendments were applied manually on the soil surface as 

evenly as possible and then mixed into 0-5 cm of surface soil with a harrow. In the 

spring 2017, mineral fertilization was applied to all the plots except for the untreated 

control plots and the field was cultivated with wheat.   

4.1.2 Studied treatments 

The studied treatments were untreated control (0N), mineral fertilization control 

(80N), composted wood fibre (CWF), lime stabilized wood fibre (LWF), spruce biochar 

(SB) and willow biochar (WB). Chemical and physical properties (such as dry matter 

content, C %, N % and pH) of the organic soil amendments were determined at Ahma 

ympäristö Laboratories in Rovaniemi, Finland (Table 2). Total carbon added into the 

soil with organic amendment application varied between 3.35 to 17.40 t ha-1 (Table 3) 

and dry weight of added amendments varied between 9 and 22 t ha-1.  Soil 

amendments were applied once in the beginning of the experiment. Nitrogen 
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fertilization (80 kg ha-1) was applied annually, simultaneously with the sowing, to all 

the treatments except for the untreated control as NPK fertilizer (Yara Mila NPK 23 - 3 

– 8). 

Table 2. Chemical and physical characteristics of the studied organic soil amendments: dry matter 

content, applied amount, C %, N %, C/N, pH and electric conductivity. Carbon and nitrogen analysed 

according to ISO16948:2015. 

 

 

Table 3: Total amounts of different elements added to the soil with organic soil amendment.  Ca, Mg, K, 

P, Mn and Na measured after HNO3-HCl digestion (ISO 11885:09). BDL*=below detection limit. 

  

 

Composted wood fiber (CWF) was manufactured from wood fiber by composting with 

nutrient rich bio sludge. Both are by- products from paper production. Composted 

wood fiber includes plant nutrients and substantial amount of calcium, that may be 

beneficial for the soil structure. Raw material of lime stabilized wood fiber (LWF) is 

leftover wood fiber that is too short for paper manufacturing and often disposed by 

burning. Lime stabilization is done with CaOH2 to the organic mass. LWF contains less 

plant nutrients than CWF and has a high C/N – ratio. LWF may rise soil pH and it 

contains calcium that could be beneficial for soil structure. Spruce biochar (SB) was 

made from spruce with pyrolysis temperature 450 ° C and - time 12 h. In willow 

biochar (WB) manufacturing process, pyrolysis temperature was set to 450 ° C, but 

due to problems in the process the temperature remained below this, probably 

causing uneven pyrolysis.  
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Amounts of the organic soil amendments applied to the experimental field were 

chosen to represent economically and practically feasible treatments in farmer’s 

perspective and the objective was that the results of the field experiment could also 

directly serve practical agriculture. For example, due to the high water content (63 and 

70 %) of wood fibers, application rates of these products are relatively high, which 

raises transport expenses and is likely to limit the use of these wood fibers to relatively 

small area, close to the paper mill where they are manufactured. 

 

4.1.3 Agricultural practices in sampling year 2018 

 

The field was spring- tooth harrowed to the depth of 5 cm and then cultivated to the 

depth of 3- 4 cm 14.5.2018. Before sowing, oat seeds (Avena sativa L. cv ‘Matty‘) were 

treated with 50 % Wuxal Terios Mn+ -solution (Berner, 300 ml 100 kg -1 seeds). In 

15.5.2018, oat was sowed (sowing density 437 seeds per m2) to all the treatments. 

Also nitrogen fertilization (80 kg ha-1) was applied to all the treatments except the 

untreated control. Weeds were pulled out manually once, 13.6.2018. 

Summer 2018 was exceptionally hot and dry. Usually crops in Finland are rainfed, but 

due to severe dryness the field had to be irrigated once. Water from nearby wetland 

was used and the field was sprinkler irrigated for 18 hours during 30.6. – 1.7. 2018. 

Volume of sprinkled water was in a range 40 – 50 mm in 18 hours that irrigation lasted. 

From sowing to harvest, irrigation and natural precipitation were 118 – 128 mm 

combined, which is only 60 % of the long-term average of seasonal precipitation in the 

area (Soilfood 2019). Oat was harvested 22.8.2018. Cumulated temperature at that 

time was 1271 C°, which was 20 % more than long term average in the area.  
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4.2 Aggregate and carbon analysis 

 

4.2.1 Soil sampling 

 

Soil samples were collected after the harvest on 17.9.2018. Three soil cores (250 cm3 

by volume) were collected from three random points per plot from the depth of 0-5 

cm, keeping at least 50 cm distance to the outer edge of the plot. Soil core samples 

were pooled, leading to total sample volume of 750 cm3 and total number of 3 samples 

per treatment. Samples were stored in a cold box for transport.  

 

4.2.2 Soil aggregate, carbon and nitrogen analysis 

 

Method for separating aggregates from the bulk soil was adopted from Six et al. 2000 

with some modifications. Field-moist soil was sieved with 20 mm sieve within two days 

after the sampling and dried in forced-air oven in 40°C for one week. Soil samples were 

wet sieved sequentially to obtain different aggregate sizes as follows: large 

macroaggregates (>2 mm, LM), small macroaggregates (250–2000 µm, sM), 

microaggregates (53-250 µm, mM) and silt + clay fraction (<53 µm, SC).  

In the wet sieving, 50 g of air-dried soil was first set on top of the sieve (2 mm mesh 

size) and slaked (i.e. rapidly submerged to water). Slaking time was optimized to 2 h (5 

min in original protocol). After the slaking, sample was wet sieved by moving the 2 mm 

sieve up and down in water for 2 minutes, 50 times in total, at an even pace. It was 

ensured that the soil that was on top of the sieve submerged in water completely each 

time. After wet sieving, aggregate fraction larger than 2 mm stayed on the top of the 

sieve while smaller aggregates washed through the sieve. Floating organic matter was 

removed (only from > 2 mm fraction). Water and soil that passed the sieve (i.e., 

smaller aggregate fractions) were then poured on top of the next sieve (mesh size 250 

µm) and 2 mm sieve was backwashed with water to transfer aggregates (> 2mm) to 

aluminum tray for drying. Procedure was repeated also with sieve with mesh size of 53 
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µm and in total, four aggregate size classes were attained. Aggregates were dried in 

forced-air oven in 40°C for 24h. 

Aggregate size distribution was determined by calculating the proportion of each 

aggregate as stated in Equation 1.  

A % = 
𝑚 (𝑓)

𝑚 (𝑎𝑓)
  * 100 %      (1) 

where 

A % = Portion of specific aggregate size fraction from wet sieved soil sample (%) 

m (f) = Mass of a given aggregate size fraction from wet sieved soil sample (g) 

m (af) = Mass of all the aggregate size fractions from wet sieved soil sample (g) 

Aggregate fractions attained by wet sieving and original (= non-wet sieved sample) 

were analyzed for total organic carbon and total nitrogen content with CN-analyzer 

(Elementar vario MAX CN, Elementar Analysensysteme GmbH, Germany). Analyse is 

based on dry combustion. Sample is burnt in 900°C with pure oxygen and gaseous 

carbon (CO2) detected. 

Carbon or nitrogen content of given aggregate size fraction in a certain treatment was 

calculated as stated in Equation 2. 

 C or N conc = m* C or N (%)                                     (2)    

where 

C or N conc = C or N (g) in specific aggregate size fraction   

m= Mass of aggregate fraction (g) 

C or N (%) = C or N concentration of aggregate fraction (%) / 100           

       

Size of the soil carbon stock in 0-5 cm was calculated as described in Equation 3. 

C stock = C * ρ * h                               (3) 
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where 

C stock = soil C- stock (0-5 cm) 

C= Carbon concentration 

ρ = soil bulk density 

h = soil depth 

 

4.3 Soil pH and electric conductivity 

 

For soil pH and electric conductivity measurement, 20 ml of dried, mortar milled soil 

(sample taken for aggregate analyses, see section 4.2.1) was mixed into 50 ml (1:2,5) 

water and incubated overnight in room temperature. Electric conductivity was 

measured before mixing the sample and pH from mixed sample. 

 

4.4 Fungal analysis 

 

4.4.1 Oat root sampling 

 

Three oat root samples per plot were harvested at three time points, 4.6.2018, 

1.7.2018 and 20.8.2018. Oat root samples were taken with a shovel from three 

random spots per plot (keeping at least 50 cm distance to the outer edge of the plot), 

number of samples being nine per treatment per time point. Shovel (15cm wide) was 

pushed 10 cm deep into the soil from 4 sides of the plant. Roots were lifted from the 

soil with the shovel and put to the storage bag with most of the soil still attached to 

the roots. Samples were stored in a cold box for transport and frozen to storage 

temperature of – 20 ° C within 4 hours after sampling. 
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4.4.2 Fungal colonisation analysis 

 

Oat root samples were taken into room temperature (RT) from freezer few hours 

before washing them with lukewarm tap water. Washed roots were stored in 50 % 

ethanol at +4 °C before staining. For analyzing the fungal colonisation, part of the 

roots (ca. 20 %) were stained according to modified Phillips and Hayman (1970) 

method as follows: clearing with KOH 10 % for 45 min for root samples from June 

and 90 min for root samples from July and August at RT. After KOH was removed, 

roots were dried quickly (by placing them to the paper towel for couple of seconds), 

then rinsed with water, dried quickly once more and neutralized with 1 % HCl for 1 h. 

Neutralized roots were dried quickly and stained with 0.05 % trypan blue in 

lactoglycerol in +80 °C for 1 h. Stained roots were preserved in Eppendorf tubes in 

1:1 lactoglyserol at RT. 

Fungal colonisation percentage was estimated according to the magnified intersection 

method (McGonigle et al. 1990). Stained roots were mounted with 1:1 lactoglyserol on 

microscope slides, aligning 5 lines of 5 cm long stained root pieces parallel to slide 

(total length of roots in one slide being 25 cm). Colonisation was observed at 

magnification x 100 with the modification of 50 intersections (instead of 100 in the 

original protocol) per root sample examined.  

AMF structures visually determined from inside of the oat roots included arbuscules, 

hyphae and vesicles, DSE structures hyphae and sclerotia (Figure 2). AMF -hyphae, 

arbuscules and vesicles were stained blue and in addition to the blue color, 

determined based on features typical to these structures (arbuscules cauliflower-like 

or boxlike, vesicles round or oval shaped). DSE -hyphae and sclerotia was assumed to 

appear brown hence strong melanized pigment, but it was noted that some of the 

sclerotia were stained blue. It is therefore acknowledged that some of the thin blue 

fungal hyphae with septas (which in this work are regarded as DSE) may be also 

nonpigmented septate endophytic fungi that are stained blue. However, they were 

distinguished from AMF – hyphae (in addition to them being brown) based on the 

presence of septas.  
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4.5 Statistical analysis 

 

Statistical analyses were conducted with R software (R 3.6.1, The R Foundation for 

Statistical Computing, 2019). As fungal data was proportional (in percentages), arcsine 

square data transformation was performed prior to analyses to meet the model 

assumptions (i.e., normalize the distribution and homogenize the variation of 

residuals). Oat root fungal colonisation rates were analyzed with linear mixed model 

(nlme – package); treatment (0N, 80N, CWF, LWF, SB and WB) and month (June, July 

and August) were fixed factors, interaction between treatment and month also as a 

fixed factor and block was random factor. Model was analysed with two-way ANOVA. 

Similarly, size distributions and carbon content of soil aggregates were analysed with 

linear mixed model (nlme -package); treatment was used as a fixed factor and block as 

a random factor. 

Normality of the data and homogeneity of residuals were checked using Q–Q and 

scatter plots (package ggpubr). Since residuals were not normally distributed for either 

aggregate or fungal data, Kruskal-Wallis test (non-parametric test for three or more 

populations) was used to determine possible between treatment differences. Used 

significance level was p-value   ≤ 0.05. If statistically significant differences were found, 

Dunn’s post-hoc test (package FSA) was performed for pairwise multiple comparisons. 

Electric conductivity and pH were normally distributed and therefore analysed with 

linear mixed model and two-way ANOVA (nlme – package; statistically significant p- 

value ≤ 0.05).  

 

5 Results 

 

5.1 Size distribution and carbon content of soil aggregates 

 

Aggregate data from all the treatments was combined to determine the dominant 

aggregate size class across studied treatments.  All the aggregate sizes were 



30 
 
statistically significantly different from each other. Dominant aggregate size class was 

small macroaggregates (Kruskal-Wallis chi-squared 55.8, df = 3, p-value <0.001; Dunn’s 

test Z; largest p-value 0.05, table 4).  

Table 4. Size comparison of aggregates size classes (mean ± S.E., n=6) obtained by wet sieving. Statistical 

analyses (Dunn’s test, df = 5, significant p-value ≤ 0.05) were conducted for each aggregate size class 

(data combined from different treatments). Abbreviations: large macroaggregates (>2 mm, LM), small 

macroaggregates (250–2000 µm, sM), microaggregates (53-250 µm, mM) and silt + clay fraction (<53 

µm, SC).  

                                                             

To compare aggregate size distributions between treatments, statistical test was 

conducted to each aggregate size class separately (Table 5). No differences were 

detected (all p-values ≥ 0.10). The amount of large macroaggregates (> 2mm) in willow 

biochar treatment was 58 % higher than their amount in in spruce biochar treated soil.    

Table 5. Proportions of aggregates size classes (mean ± S.E., n=3) obtained by wet sieving. Statistical 

analyses (Kruskal-Wallis chi-squared, df = 5, significant p-value ≤ 0.05) for between treatment 

differences were conducted separately for each aggregate size class. No significant differences were 

detected. Treatments: 0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted 

wood fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow biochar. 

 

No statistically significant between treatment differences were found between the 

carbon content of specific aggregate size class or the whole soil (Kruskal Wallis chi-

squared, p ≥ 0.22) (Figure 4 and Appendix 1 Table S1).  However, wet sieving seemed 

to disengage carbon from biochar treated soils: whole (=non- wet sieved) spruce 
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biochar treated soil contained 26 % and willow biochar treated whole soil 21 % more 

carbon than was found from the aggregates of these treatments (i.e., compared to 

summarized carbon content of all aggregate fractions). 

 

 

Figure 4. Carbon content (g-1 100 g soil; mean ± S.E., n=3) of aggregates (stacked columns, right) and soil 

that has not been wet-sieved (whole soil, left). Statistical analyses (Kruskal-Wallis chi-squared, df = 5, 

significant p-value ≤ 0.05) for between treatment differences were conducted separately for the carbon 

content of each aggregate size class. No significant differences were detected. Treatments: 

0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood fibre, LWF=lime 

stabilized wood fibre, SB= spruce biochar, WB= willow biochar. 

Comparing to other treatments, C/N- ratio was higher (p-value 0.05) in aggregate size 

class 250 µm – 53 µm of spruce biochar (SB) treated soil (Figure 5). In the whole soil 

sample (=non-wet sieved soil), C/N- ratio of nitrogen fertilizer control was lower than 

in spruce- and willow biochar treated soils. (Kruskall-Wallis p-value 0.037; Dunn’s test 

results in Table 6). No differences in C/N ratio of aggregates from other soil 

amendment treatments were detected (all Kruskal- Wallis p-values > 0.09). 
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Figure 5. C/N - ratio of aggregates and the un- wet sieved soil (=whole soil; mean ± S.E., n=3). Statistical 

analyses were conducted separately for each soil aggregate fraction size class (Kruskal-Wallis chi-

squared, df = 5, significance level p ≤ 0.05). n.s. denotes no significant differences between treatments 

in the aggregate size class. In aggregate size class 250-53 µm and whole soil, the values marked with the 

same letter do not differ statistically from each other (Dunn’s test Z, p ≤ 0.05, Table 6). Treatments: 

0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood fibre, LWF=lime 

stabilized wood fibre, SB= spruce biochar, WB= willow biochar. 

Table 6. C/N – ratio of microaggregates and the unsieved whole soil (mean ± S.E., n=3). Dunn’s test (Z) 

results are shown in the table. Asterisk (*) indicates significance (p ≤ 0.05). Treatments: 0N=untreated 

control, 80N=mineral nitrogen fertilized control, CWF=composted wood fibre, LWF=lime stabilized wood 

fibre, SB= spruce biochar, WB= willow biochar. 
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No between treatments differences in the carbon content of soil aggregates or non-

wet sieved whole soil were detected (Figure 6). For the whole soil, Kruskal-Wallis chi-

squared 0.058, df = 5, p-value > 0.058; for all the aggregate size classes, p-values were 

> 0.17. 

 

 

Figure 6. Carbon content of aggregates and the un- wet sieved soil (=whole soil; mean ± S.E., n=3). 

Statistical analyses (Kruskal-Wallis chi-squared, df = 5, significance level p ≤ 0.05) were conducted 

separately for each soil aggregate fraction size class and no significant differences were detected.; 

treatments: 0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood 

fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 

Applied spruce biochar raised soil carbon stock comparing to nitrogen fertilized control 

soil, composted wood fiber and lime stabilized wood fiber treated soils (Kruskal-Wallis 

chi-squared= 11.322, df = 5, p-value = 0.045; Table 7 and Appendix 1 Table S2). 
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Table 7. Topsoil (0-5 cm) carbon stock (mean ± S.E., n=3). Statistical analyses (Dunn’s test Z, significant p-

value p ≤0.05); different letters indicate significant differences at p ≤ 0.05 between organic soil 

amendments. Treatments: 0N=untreated control, 80N=mineral nitrogen fertilized control, 

CWF=composted wood fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 

                                                      

No statistical differences were found on nitrogen contents within any of the studied 

aggregate size class (all p-value for the whole soil > 0.07 and for all the aggregate sizes 

< 0.8; Figure 7).  

 

  

Figure 7. Nitrogen content of aggregates and the un- wet sieved soil (=whole soil; mean ± S.E., n=3). 

Statistical analyses were conducted separately for each soil aggregate fraction size class and no 

significant differences were detected. (Kruskal-Wallis chi-squared, df = 5, significance level p ≤ 0.05). 

Treatments: 0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood 

fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow biochar. 
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5.2 Electric conductivity and pH 

 

No statistical differences were found between treatments in electric conductivity or pH 

(Figure 8). For electric conductivity, F-value 2.93 and p- value 0.07; for pH, F-value 

2.95, p-value 0.07. Results may still indicate tendency of organic soil amendments raise 

soil electric conductivity (in all the soil amendment treatments) and pH (at least in LWF 

and SB).  

 

 

Figure 8. Electric conductivity (0,1 mS/cm, left) and pH (right, mean ± S.E., n=3). Treatments: 

0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood fibre, LWF=lime 

stabilized wood fibre, SB= spruce biochar, WB= willow biochar. 

 

5.3 Fungal colonisation of oat roots 

 

5.3.1 Monthly fungal colonisation in oat roots 

 

All the observed fungal structures (AMF arbuscules, hyphae and vesicles, DSE sclerotia 

and hyphae) were analysed separately for each month (June, July and August) during 

the growth period to detected differences between treatments (Appendix 1, Table S3). 
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In August, arbuscules were higher in untreated control soil (0N; Kruskal-Wallis chi-

squared 12.62, p-value 0.03; Dunn’s test significance level p= 0.05; Appendix 1, Table 

S4) than in organic amendment treated soils (Figure 9). Mineral fertilizer treatment 

(80N) did not differ statistically from 0N or organic amendment treatments. No 

between-treatment differences were found in June or July (Kruskal-Wallis chi-squared, 

df = 5, all p-values > 0.37, Appendix 2, Table 6). No differences in the amount of 

arbuscules were detected in June (p-value 0.60) or July (p-value 0.37). 

 

 

Figure 9. AMF arbuscules (%) prevalence (mean ± S.E., n=9) of oat roots during the growth period (June, 

July, and August). Statistical analyses (Kruskal-Wallis chi-squared, df = 5, significant p-value ≤ 0.05) for 

between treatment differences were conducted separately for each month. Statistically significant 

differences (Dunn’s test, significance level p ≤ 0.05) are indicated with different letters. (Treatments: 

0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood fibre, LWF=lime 

stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 

AMF hyphal colonisation (%, Figure 10) was analysed separately for each month (June, 

July and August) during the growth period. No differences were found between 

treatments within studied month (smallest p-values: 0.28 in June, 0.22 in July and 0.11 

in August; Appendix 1, Table S3). 
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Figure 10. AMF hyphae (%) colonisation (mean ± S.E., n=9) during the growth period of oat. Statistical 

analyses (Kruskal-Wallis chi squared, df=5, significant p- value ≤ 0.05) were conducted for between 

treatment differences within each month (June, July and August). No significant differences were found.  

Treatments: 0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood 

fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 

In AMF vesicle colonisation (%, Figure 11), no differences were found between 

treatments within studied month (smallest p-value 0.80 in June, 0.51 in July and 0.13 

in August; Appendix 1, Table S3). 
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Figure 11. AMF vesicles (%) colonisation (mean ± S.E., n=9) during the growth period of oat. Statistical 

analyses (Kruskal-Wallis chi squared, df=5, significant p- value ≤ 0.05) were conducted for between 

treatment differences within each month (June, July and August). No significant differences were found.  

Treatments: 0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood 

fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 

When observing DSE sclerotia colonisation (%, Figure 12), no differences were found 

between treatments within studied month (smallest p-value 0.07 in June, 0.68 in July 

and 0.16 in August; Appendix 1, Table S3). 
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Figure 12. DSE sclerotia (%) colonisation (mean ± S.E., n=9) during the growth period of oat. Statistical 

analyses (Kruskal-Wallis chi squared, df=5, significant p- value ≤ 0.05) were conducted for between 

treatment differences within each month (June, July and August). No significant differences were found.  

Treatments: 0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood 

fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 

 

In DSE hyphal colonisation (%, Figure 13), no between treatments statistical 

differences were detected (smallest p-value 0.84 in June, 0.55 in July and 0.13 in 

August; Appendix 1, Table 3). 

 

Figure 13. DSE hyphae (%) colonisation (mean ± S.E., n=9) during the growth period of oat. Statistical 

analyses (Kruskal-Wallis chi squared, df=5, significant p- value ≤ 0.05) were conducted for between 

treatment differences within each month (June, July and August). No significant differences were found.  

Treatments: 0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood 

fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 

 

5.3.2 Temporal changes in fungal colonisation during the growth season 

 

All the studied fungal structures (AMF arbuscules, hyphae and vesicles, DSE sclerotia 

and hyphae) were analysed for each month of the growth period (Figure 14). 

Observations from all the studied treatments were combined for the analyses of 
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temporal changes in fungal colonisation patterns across the growing season (see 

Appendix 2, Table S5). 

Prevalence of arbuscules was higher in June and July than in August (Dunn’s test, p < 

0.05); Appendix 2, Table S6). AMF hyphal colonisation was higher in August (p-value 

<0.001). Amount of vesicles was highest in July (p < 0.001). Both DSE sclerotia and DSE 

hyphae were more common in August than in the June and July (both p- values 

<0.001). 

 

Figure 14. Fungal structures by month; observation from all the studied treatments combined (mean ± 

S.E., n=54). Note that the scales of y-axis vary. Statistical tests (Dunn’s test Z, significance level p ≤ 0.05) 

were conducted separately for each fungal structure.  Significant differences are indicated with letters. 

 

6 Discussion 

 

6.1 Effects of organic soil amendments on soil aggregates 

 

Soil aggregates that hold together after the wet sieving are considered as water stable 

and to describe the share of aggregates that endures mechanical and physical stresses 

(such as cultivation, rainfall) also at the field (Six et al. 2000). Contrary to expectations, 

no significant differences in the aggregate stability (i.e., amount of water stable 

aggregates) or aggregate size distribution were detected even between untreated 

control soil and organic soil amendment treated soils. Similarity of the aggregate size 

distributions implies that organic soil amendments did not have an effect to surface 
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soil structure through enhanced macro-aggregation or in soil carbon storing potential 

through increased micro-aggregation.  

Portion of silt and clay fraction (< 53 µm) was relatively low in all the studied 

treatments. This indicates that most of the soil particles are part of the soil aggregate 

structure, which is advantageous for soil fertility and erosion prevention. No 

differences between treatments were detected, even though amendment application 

plausibly raised ionic strength and amount of divalent cations in the soil water (see 

Tables 2 and 3 for characteristics of organic soil amendments), which in theory could 

enhance the flocculation of small soil particles and their integration to soil aggregates, 

as well as stabilise soil aggregates. It is also possible that this effect of organic 

amendments has faded since sampling was done two years after the amendment 

application. Spatial variation in the field could also have masked these effects.  

Small macro-aggregates were the dominant aggregate size class in all the studied 

treatments, also in the control soils. Similar results on aggregate size distribution have 

been published on Finnish clayey soil by Sheehy et al. (2015), who studied the 

aggregates in soils under different tillage treatments (no tillage, reduced tillage and 

conventional tillage). Sheehy et al. used the same wet sieving protocol that was 

utilized in here with some differences (Sheehy employed 8 mm sieve for dry sieving 

and 5 min slaking time; here, 20 mm sieve for dry sieving and 120 min slaking time). 

Despite these differences in the laboratory procedure, results seem to be comparable 

based on the similarity of gained aggregate size distributions. This indicates that sieve 

size and slaking time optimised for this study were likely appropriate, separating the 

aggregate fractions to proportions typical for Boreal clayey soil.  

Detected dominance of small macroaggregates may be favourable for aspirations to 

increase soil carbon storage, since small macroaggregates are considered as an 

important factor in preserving agricultural soil carbon (Six & Paustian 2014) as they 

hold several microaggregates (250 µm- 53 µm) inside of them, which allows 

microaggregate structures grow stronger. This may provide prolonged physical 

protection for SOM since microaggregates (250 µm- 53 µm) can preserve soil carbon 

several decades as they can bear mechanical and physicochemical stresses (such as 
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cultivation, rainfall, Totsche et al. 2018) and they also contain anaerobic microsites, 

which can further slowdown the decay of organic matter (Keiluweit et al. 2016).  

The amount of large macroaggregates (> 2mm) seemed to be largest in willow biochar 

treated soil and smallest in spruce biochar treated soil, although the difference was 

not statistically significant. This possible contradiction (willow biochar seemed to 

slightly increase macroaggregation whereas spruce biochar decreased it) implies that 

applied biochars had differing properties, favourable and disruptive for aggregation, 

respectively. Spruce biochar was found from soil in relatively large pieces (estimated 

maximum diameter 5mm, confirmed information about particle sizes were not 

available from biochar manufacturers) which could have physically interrupted the 

formation of chemical and physical interactions between smaller soil entities (silt and 

clay fraction < 53 µm and microaggregates 250 – 53 µm). In laboratory conditions, 

wood biochar has been shown to increase aggregate stability of clayey soil (Soinne et 

al. 2014), although biochars have also been reported to have neutral effect on 

aggregation (Heikkinen et al 2019). For example, biochar produced from woody 

materials with slow pyrolysis and high temperatures had no impact on soil 

physicochemical properties such as aggregation and pH, nor microbial community on 

clayey soil (Gul et al. 2019). Effects of biochar on soil aggregation were found to be 

dependent on both biochar raw material and manufacturing process (Heikkinen et al. 

2019).  

While different biochars seemed to play opposite roles in large macroaggregate 

formation, soils treated with different wood fibres (composted- and lime stabilized 

wood fibres) had fairly similar aggregate size distributions. This inconsistency 

underlines difficulties in estimating the impacts of organic amendments; since they are 

a wide range of substances with differing properties, making presumptions of their 

effects on different soil types and environments is challenging.  

Also, one possible interpretation of results (similarity of aggregate size distribution 

between treatments) is that inherent soil properties present in studied soil plays such 

an important role in aggregate formation and stability that applied amount of organic 

soil amendments did not have a detectable effect on aggregation. 
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6.2 Effect of organic amendments on soil organic carbon and nitrogen 

 

Spruce biochar raised C/N – ratio of microaggregates (250-53 µm), suggesting carbon 

enrichment to this aggregate fraction and indicating that part of the biochar’s carbon 

was protected inside of the microaggregate structure. In the non-wet sieved whole soil 

samples, C/N – ratio was statistically lower in mineral fertilization control soil than in 

spruce and willow biochar treated soils, which implies that at least some part of the 

carbon added into the soil with biochar could still be found from bulk soil two years 

after its application. 

No differences between organic amendment treatments were detected in carbon 

contents of different sized aggregates. This was contrary to expectations, since the 

amount of carbon added into the surface soil with biochars was 3-5 times higher than 

in wood fibre treatments (carbon addition approximately 17 to ha-1 in both of the 

biochars; 3.5 in composted wood fibre and 5.7 t ha-1 in lime stabilized wood fibre; see 

Table 3) and based on larger amount of C in biochar amendments, expectation was 

that at least part of this carbon could be found from wet sieved soil aggregates. 

Nevertheless, higher amount of carbon was found from non-wet sieved whole soil 

samples than from the soil that was separated to aggregate fractions by wet sieving 

(when C- contents of aggregates summarized together for the comparison). This 

suggests that a share of carbon found from biochar treated soils either was not 

incorporated into water-stable aggregates or was detached from the aggregates during 

the wet sieving (i.e. relatively easily), which indicates that large part of biochar-

included carbon could be at risk of being exported from the field with drainage waters.  

Despite the lack of statistically significant differences in the soil C concentration (g kg -

1), size of the topsoil (0-5 cm) carbon stock was found to vary between organic 

amendment treatments. Soil carbon stock in the upper 5 cm of experimental field was 

between 14.3 – 23.6 tons ha-1. Heikkinen et al. (2013) have determined that carbon 

stock in the upper 15 cm of Finnish mineral agricultural soil is 41 to 67 t ha-1. Result 

gained in here may be somewhat low, since large part of the soil C should be found 

from the very top of the soil and hence the C stock in 0-5 cm should be relatively larger 
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than stock it is in 0-15 cm. Here, lowest carbon stock was only 43 t ha-1 when scaled to 

15 cm (14.3 t-1 ha x 3). Also, clay soils in general should have a potential to store large 

amount of carbon, and thus it would have been expected for results from studied soils 

to resemble rather the upper value that Heikkinen et al. (2013) determined (67 t ha-1).  

Unexpectedly, untreated control soil seemed to have slightly larger carbon stock than 

in nitrogen fertilizer control and in wood fibre treatments (CWF and LWF), although no 

statistically significantly difference could be seen. This may arise from the difference in 

soil bulk density; untreated control soil seemed to have slightly higher bulk density 

than other studied treatments (bulk densities in Appendix 1, Table S7). Many 

management practices such as tillage, cultivated crop (deep vs. shallow rooting) and 

added soil amendments effect to soil compactness. Therefore, soil bulk density should 

be taken into account when following changes in the soil C stock, instead of solely 

determining soil carbon concentration (Heikkinen et al. 2013). It is likely that applying 

organic amendments has reduced soil bulk density, and as a consequence, less carbon 

can be found from the top 5 cm of wood fibre-treated soils comparing to untreated 

control soil. Biochars contained 3-5 times more carbon than wood fibres, and carbon 

stock in spruce biochar treated soil was larger than in 80N, CWF and LWF.  

When comparing the sizes of soil carbon stocks (table 7) to the amount of carbon 

added with soil organic amendments (table 2) two years before this study was 

conducted, most of the added carbon seemed to be faded from the soil. There are 

several possible explanations for the loss of carbon. Majority of it could have been 

already decomposed at the sampling time. Clay illuviation may provide long-term 

storage for silt+clay and microaggregate fractions in clay soils (Torres-Sallan et al. 

2017), and some of the carbon associated with these fractions could have been 

transported down in soil profile. The summer before sampling was extremely dry, 

cracking the clay soil and probably enabling preferential flow that could have carried 

carbon-containing material (e.g. small aggregates, chunks of biochar) deeper in the soil 

profile. Carbon losses via leaching, erosion or priming effect (that organic amendments 

caused) are also possible explanations. Also, problems in laboratory analyses could 

come into question. 
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No between treatment differences in nitrogen content of soil aggregates or the whole 

soil samples were found, which was expected since the added nitrogen amount was 

relatively small in all the applied soil amendments (from 6 to 373 kg ha-1) and major 

part of it probably mineralized during two summers between amendment application 

and soil sampling for this study. 

 

6.3 Factors possibly effecting outcomes of aggregate and carbon analyses 

 

The lack of statistical differences implies that studied management practices did not 

have an effect on soil aggregation or carbon concentration after two years from 

organic amendment application. Many factors may explained gained results. 

Weather conditions were extreme during the field experiment (extremely wet winter 

2017-18, hot and dry summer 2018). Additionally, there were indications that artificial 

draining did not work properly and therefore soil may have been waterlogged for long 

periods (even many months in a row) in the wintertime. This could have weakened the 

aggregate structure and diluted ionic concentration in the soil, also causing loss of 

carbon (as DOC). Also, iron reduction as a consequence of continuing soil water 

saturation may have released SOM from organomineral complexes (Huang and Hall 

2017, which exposes it to decomposition and leaching. 

To verify the findings of this study, this type of field experiment should be replicated in 

several soil types, with more replicates and multiple repeated soil amendment 

applications. No negative effects of using organic soil amendments were observed and 

it is still possible that some positive effects of organic soil amendments on soil carbon 

and fertility would become measurable after few years or after repeated applications. 

 

6.2 Effect of soil amendments on AMF and DSE 

 

In August, arbuscules were more abundant in oat roots from untreated control (0N) 

than from organic amendment treatments. Phosphorus (P) is considered to be main 
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nutrient that AM-fungi provides to its host plan (Smith & Read 2008, p.147). Since all 

the other treatments received mineral fertilizer phosphorus 10.4 kg ha-1 per year 

(which is in a range of P fertilization levels in Finland, Yara 2020) and AM colonisation 

(especially the prevalence of arbuscules) has been linked to phosphorus exchange 

efficiency between AM fungi and plant host (Smith & Read 2008, p.151),  higher 

arbuscular colonisation in 0N may be due to plant P deficiency. However, larger AM 

arbuscular colonisation did not seem to increase the crop yield, which was 0N just over 

2000 kg-1 from untreated control soil and 4000 kg ha-1 from spruce biochar treatments. 

Although arbuscular colonisation of oat roots from mineral fertilized control soil did 

not differ statistically from 0N in August, it seemed been slightly larger than in oats 

from organic amendment treatments. This may indicate that either phosphorus or 

possibly also other plant available nutrients were still left in the soil even after two 

years from organic amendment application, which could lead to lower AM prevalence 

since probability of symbiosis diminishes if plant can attain nutrients without the help 

of mycorrhiza (Smith & Read 2008, p. 122).  

When monthly fungal structure observations from all the studied treatments were 

combined to see possible temporal differences in their occurrence, results implied that 

arbuscules were more common in all the treatments in the early months of the 

growing season (June and July), whereas amount of DSE structures increased in 

August. Arbuscular colonisation is regarded as most reliable and functionally most 

important measure of AM colonisation (Smith & Read 2008) and inside-root AM 

structurestend to diminish towards the end of the growing season. Similar shift from 

Glomeromycota (AMF) to Ascomycota (potentially including DSE) has been observed 

for example in roots of Antennaria dioica in seminatural grasslands in Sweden (Santos-

González et al. 2007) and between mycorrhizal and nonmycorrhizal colonisation in 

roots of new-emerging apple seedlings (Resendes et al. 2008). These shifts could 

indicate different ecological roles of these fungal groups: AMF are dependent on 

carbohydrate allocation by host (Smith & Read 2008, p. 117) whereas DSE can live both 

mutualistic and parasitic (Berthelot et al 2019, p. 143). DSE may shift increasingly 

towards parasitic life form as plant start to prepare for winter.   
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Even though arbuscular colonisation of oat roots was in its lowest August, AM hyphal 

colonisation seemed to have tendency to rise towards the end of the summer. Since 

AM intra-plant root structures probably reduce towards the autumn (Hijri et al. 2006), 

it is possible that some amount of other fungal hyphae were mistakenly determined as 

AM hyphae. Separating AMF and DSE hyphae was based on hyphae color (blue for 

AMF) and septas (present in DSE). Since DSE structures were noticed to sometimes to 

also dye with Trypan blue (strong brown melanized pigment is assumed to prevent the 

effect of dyeing colors), and since there may also have been some other endophytic 

fungal hyphae with septas in the oat roots, there is a possibility that some amount of 

other fungal hyphae was mistakenly where septas were not clearly seen in DSE 

hyphae.  Nevertheless, blue or brown endophytic fungal hyphae with septas were not 

observed in June or July.  

Depending on fungal species and environmental factors (such as soil compactness and 

moisture), extensiveness of AM mycelium in the soil may vary a lot (Smith & Read 2008 

p. 151, Rillig & Mummey 2006). Amount of fungal colonisation inside of the plant root 

(that were observed in this study) cannot be directly linked to the hyphal properties in 

the soil outside of plant root. AM hyphae growing in the soil outside of the plant root is 

in a key position in P economy of AM symbiosis (Smith & Read 2008 p. 151) and total 

length and architecture (branching, amount of fine hyphae) of outside of the root. AM 

hyphae also largely defines its impacts on soil aggregation (Morris et al. 2019).  

Different fungal species may also have chemically and quantitatively differing fungal 

exudates, which may lead to differing effects on soil properties such as aggregation 

(Rillig & Mummey 2006). Fungi are considered to have a role in soil carbon 

sequestration (Liang et al. 2019) and chemical composition of melanized DSE may lead 

to carbon accrual in soil (Siletti et al. 2017). 

Reduced tillage in the experimental field probably advantageous for mycelial networks, 

which may also persist in the soil through winter (Smith & Read 2008, p.43). However, 

harsh environmental conditions before the sampling (extreme wetness of preceding 

winter and severe dryness of sampling summer) may have been destructive for fungi in 

the soil, possibly causing absence of AM symbiosis. This would be damaging for soil 

aggregate structure since AMF abundance is found to explain soil aggregation (Morris 
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et al. 2019). Because of the small number of soil samples, aggregate size distribution 

and fungal colonisation could not been tied together with statistical analyses. 

Also, used microscoping method is known to be sensitive and to vary between 

operators. Especially so when fungi from less than 100 interesections (here, 50) are 

calculated (McGonigle et al. 1990) and small differences in fungal colonisation rates 

may remain undetected. Also, even though observed amount of colonisation was quite 

similar in all the studied treatments throughout the summer, colonising fungal species 

may have been different, as well as its function inside of the plant root (e.g. nutrient 

exchange efficiency) and outside of the plant root (e.g. extensiveness of mycelium). 

Except for difference in arbuscular colonisation in August, no consistent tendency in 

AMF structures was observed, which makes it difficult to speculate if organic soil 

amendments had an effect on AM symbiosis. Detected number of AM vesicles was 

small, which together with large variation makes it challenging to make any kind of 

conclusions about them.  

 

7 Conclusions 

 

The aim of this study was to determine the effects of four different organic soil 

amendments (two wood-based biochars and two wood fibers) on soil aggregate 

structure (aggregate stability and size distribution), carbon content of aggregates and 

fungal colonisation (AMF and DSE) in oat roots two years after the amendment 

application. 

Studied organic amendments did not affect soil aggregate structure or carbon content 

of aggregates. In biochar treated soil, carbon content of non- wet sieved soil was 

higher (26 % in spruce and 21 % willow biochar treatment) than recovered carbon 

content of the wet sieved aggregates from these treatments. This indicates biochar 

detachment from aggregates during the wet sieving or that alternatively, share of the 

biochar was not included into soil aggregate structure in the first place. In both cases, 

biochar is at risk of being exported from the soil by water or wind erosion. 
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Nevertheless, C/N – ratios of some of the aggregates and the whole soil samples were 

indicating carbon enrichment to the soil from spruce biochar. 

Studied biochars seemed to increase topsoil (0-5 cm) carbon stocks. Contrary to 

expectations, carbon stock in the untreated control soil appeared to be slightly 

(although not statistically) larger than in nitrogen fertilizer control and wood fibre 

treated soils. Difference in carbon stocks likely originates from soil bulk density, which 

was highest in untreated control soil. This highlights the complexity of estimating the 

size of soil carbon stocks and shows the importance of taking bulk density into account 

when observing changes in the soil carbon content. Also, only the top 5 cm of the soil 

was observed, but also deeper soil layers should be included in soil carbon stock 

measurements to add accuracy. 

When monthly fungal observations from all the studied treatments were combined to 

see temporal changes in fungal colonisation, clear shift from AM arbuscules (June and 

July) to DSE (August) in oat roots was seen. Succession of root fungal colonization 

types was an interesting finding and reported based on relevant sample size. What 

comes to monthly fungal observations, one difference was found: in oat root samples 

from August, amount of arbuscules was significantly higher in oat roots from untreated 

control soil than they were in root samples from organic amendment treated soils (all 

four treatments). Results imply that studied organic amendments did not have an 

effect on fungal structures. Since statistical analyses showed no between treatment 

differences neither in aggregate size classes nor fungi, original idea of combining large 

macroaggregates to fungal colonisation remained unresolved. 

For now, field experiment did not offer support for the use of studied wood fibers or 

biochars when aiming in fast increase in soil aggregate stability or increase in fungal 

(AMF and DSE) prevalence. Variation within the field was found to be large, which 

might mask the effects of organic amendment and therefore larger number of 

replicates would have brought reliability to the results.  

Effect of studied organic soil amendments seemed to be neutral for both soil 

aggregates and studied root-associated fungi and since no negative effects were 

detected, they could be applied to agricultural soils as recycled fertilizers. Longer term 
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follow-up after multiple soil organic amendment application could reveal effects that 

were not visible two years after single amendment application. 
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Appendix 1. Additional tables 

Table S1. Carbon content of aggregates (g C in 100 g of soil). Presented also in Figure 4.  (Treatments: 

0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood fibre, LWF=lime 

stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 

 

Table S2. Topsoil (0-5 cm) carbon stock (mean ± S.E., n=3). Dunn’s test statistics (Z), asterisk (*) indicates 

significance (p-value ≤0.05). (Treatments: 0N=untreated control, 80N=mineral nitrogen fertilized 

control, CWF=composted wood fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow 

biochar). 

                                  

Table S3. Different fungal structures in oat roots during the growth season (mean ± S.E., n=9). Kruskal-

Wallis (p ≤ 0.05) was conducted to detect between treatment differences. Asterisk (*) indicates 

significance. 
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Table S4. AM arbuscules in August (mean ± S.E., n=9).  Dunn’s test (Z) to was conducted to detect 

pairwise differences between treatments. Asterisk (*) indicates significance (p-value ≤0.05). 

(Treatments: 0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood 

fibre, LWF=lime stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 

 

Table S5. Temporal changes in fungal colonisation (%) (mean ± S.E., n=54). Data from all the studied 

treatments combined for the analyses (Kruskal-Wallis chi-squared). Asterisk (*) indicates significance (p-

value ≤0.05). 

 

Table S6. Temporal changes in fungal colonisation (%) (mean ± S.E., n=54). Data from all the treatments 

was combined for analyses (Dunn’s test Z). Significant p-values (≤ 0.05) marked with asterisk (*).                 

 

                         

Table S7. Soil bulk density in studied organic amendments treatments (mean ± S.E., n=3). (Treatments: 

0N=untreated control, 80N=mineral nitrogen fertilized control, CWF=composted wood fibre, LWF=lime 

stabilized wood fibre, SB= spruce biochar, WB= willow biochar). 
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