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Problem description
Sustainable agricultural management is needed to benefit from soil-based life support 
functions for plant production while minimizing negative impacts on the environment. 
Already in the nineties, the importance of sustainable agriculture was discussed (Holmberg, 
Bass and Timberlake, 1991). Ecological processes, such as decomposition and carbon 
sequestration, are important life supporting functions and are strongly dependent on the 
composition, interactions and activity of soil biota. Intensive agriculture has a negative 
influence on soil biota as food web complexity decreases over time (Tsiafouli et al., 2015). 
It is hypothesized that this will lead to a reduction of soil functioning. For instance, less 
efficient nutrient cycling by soil biota can result in increased leaching losses (Wagg et 
al., 2014). Furthermore, intensification of agricultural land use management has led to 
reduced soil organic matter (SOM) (Poeplau et al., 2011). SOM is important to stabilize the 
soil structure, increase microbial activity, act as reservoir of nutrients and increase water 
holding capacity (Johnston, Poulton and Coleman, 2009). Apart from adding organic 
residues like plant inputs to increase soil organic matter, it is becoming clear that an active 
microbial community can contribute significantly to build up stable SOM via microbial 
necromass (Kallenbach, Frey and Grandy, 2016; Angst et al., 2021). In agriculture, there 
is a need for stabilizing or even increasing SOM and reduce nutrient losses by changing 
agricultural practices towards a more sustainable use of soil and land (Paustian et al., 2016). 

Why using cover crops?
The inclusion of cover crops in agricultural rotation is one of the options to enhance 
sustainability in agricultural systems (Bai et al., 2019). Cover crops are beneficial by 
enhancing multiple soil health indicators like soil carbon content, aggregate stability and 
microbial diversity, which can be favorable for crop yield (Garland et al., 2021; Wood and 
Bowman, 2021). Next to this, cover crops can (Blanco-Canqui et al., 2015) suppress weeds 
(Smith, Atwood and Warren, 2014) and pathogens (Wang, McSorley and Kokalis-Burelle, 
2006), increase SOM and labile C and N in the soil (Olson, Ebelhar and Lang, 2010; Zhou 
et al., 2012; Strickland et al., 2019), protect against erosion (Alonso-Ayuso, Gabriel and 
Quemada, 2014), stimulate nitrogen cycling and - fixation (Brozyna et al., 2013; Bowen et al., 
2018) and stimulate soil biota including bacterivorous nematodes and mycorrhizal fungi 
(Boswell et al., 1998; DuPont, Ferris and Van Horn, 2009; Nakamoto et al., 2012). Planting 
of cover crop species with specific traits is a tool to achieve specific goals in agricultural 
management (Ramírez-García et al., 2015). Cover crop traits include nutrient capture, 
associations with symbiotic microbes like nitrogen fixers, winter hardiness, rooting depth, 
maximum biomass and stoichiometric ratio (e.g. C:N ratio, lignin content). Grasses are 
for example more suitable as a catch crop as they are efficient in nutrient capture while 
legumes provide nitrogen to the soil via biological N-fixation (green manure). 
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In temperate climate zones, cover crops are sown after harvest of the main crop to reduce 
nutrient losses during the autumn and winter period in which the soil would otherwise be 
fallow (Kanders et al., 2017). Nutrient capture and water retention by cover crops reduce 
leaching of nutrients to ground water. Before the main crop is sown, cover crops are 
incorporated in the soil, where they are decomposed by the soil microbial community. 
This will make the captured nutrients available for the following main crop (Figure 1). 

Incorporating cover crop residues in the field can be used to increase C sequestration 
(Zhou et al., 2012; Poeplau and Don, 2015; Bai et al., 2019). Building up SOM is determined 
by the speed of decomposition of the incorporated residues which is influenced by the 
composition (amount of carbon and mineral nutrients) and abiotic conditions in the 
soil. In the Netherlands, the main motivation of farmers to use cover crops is to control 
plant-parasitic nematodes and reduce N-leaching after the main crop. So far, farmers are 
used to sow cover crop monocultures. The adoption of cover crop mixtures instead of 
monocultures can be interesting by increasing plant trait diversity. 

Advantages of mixtures
It is hypothesized that combining plant species with different traits will have a positive 
effect on the soil. Complementary plant traits can have an effect on nutrient cycling, soil 
biota and plant productivity. Increased biomass production, yield stability and weed 
suppression in mixed plant communities compared to monocultures has been found in 
long term grassland experiments like the ones in Jena (Scherber et al., 2010) and Cedar 
Creek (Tilman David et al., 2001) as reviewed by Isbell et al. (2017). Plant species diversity 
effects have not only been studied in grasslands, but also in agriculture for intercropping 
or increased crop diversity in rotations (Bennett et al., 2012; Cong et al., 2014). Apart from 
increase in biomass yield, increased plant species diversity can enhance soil fertility (van 
Ruijven and Berendse, 2005; Fornara and Tilman, 2008) and soil organic matter (Steinbeiss 
et al., 2008; Cong et al., 2014). These positive plant-soil feedbacks by increasing plant 
diversity are attributed to increased exploration by roots of the soil profile, lower chances 
of pathogens to spread and increased amount of root exudates stimulating microbial 
nutrient cycling (Lange et al., 2019; Thakur et al., 2021). 

Figure 1. Cover crop management implemented in agricultural practice including cover crop growth, cover crop 
incorporation and decomposition, which is followed by a main crop.
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Interestingly, also intercropping studies showed that organic matter content and 
aboveground biomass increases (Wang et al., 2015) even in combinations without legumes 
(Cong et al., 2014). Soil organic N increased twice as much as soil organic C independent 
of the two crop species used (Cong et al., 2015a). Legumes in plant mixtures decrease the 
C:N ratio in the soil during crop growth. This leads to higher decomposition rates of plant 
residues (Cong et al., 2015b, 2015c). Plant diversity on the one hand can increase SOM 
while on the other hand decomposition is increased as well. Increasing SOM is thought to 
be positive, however increased plant inputs by higher plant diversity stimulates microbial 
activity and decomposition (including priming) which will increase nutrient cycling and 
respiration (Janzen, 2006; Isbell et al., 2017). The rate of decomposition of plant inputs 
(root exudates and residues) will determine accumulation of soil organic matter over the 
long term. Moreover, increase of microbial biomass can also contribute to increase of SOM 
as a large part of the stabile SOM is derived from microbial necromass (Angst et al., 2021). 

Plant traits are important for carbon inputs and carbon sequestration in the soil (De Deyn, 
Cornelissen and Bardgett, 2008). The functional characteristics of each plant species 
are different (Damour et al., 2014; Tribouillois et al., 2015). Plants differ in C:N:P ratio, 
lignin content, secondary metabolites, rooting architecture, ability to make symbiotic 
interactions with Rhizobia (legumes) or mycorrhizal fungi, resistance against pathogenic 
nematodes, etc. Furthermore, different plant species have different associations with the 
microbial community belowground (Berg et al., 2016). These microbial associations can 
stimulate germination and plant growth, promote resistance and increase plant fitness 
(Mendes, Garbeva and Raaijmakers, 2013). 

Cover crop mixtures can have comparable effects as seen for intercropping studies. This 
can lead to an increase in the belowground functional diversity, storage of C, N and P in 
the soil and higher primary production. Several studies showed that the use of a legume 
and a grass species mixture increased cover crop biomass production and SOM content 
due to biological N fixation by plant-symbiotic associations, increased incorporation of N 
in the plant material and reduced leaching (Nair and Ngouajio, 2012; Haque et al., 2013; 
Tosti et al., 2014). Furthermore, growing of cover crops can increase the abundance of 
arbuscular mycorrhizal fungi (AMF) in the soil (Lehman et al., 2012). After incorporation of 
cover crops in the soil, part of the mineral nutrients will be released by soil microorganisms 
and become available for the main crop. This may reduce the need to use chemical 
fertilizers. In addition, increased abundance of arbuscular mycorrhizal fungi (AMF) can 
lead to increased main crop yields with possibilities to reduce artificial inputs even further 
(Lehman et al., 2012). These examples illustrate that cover crops have a positive influence 
on the soil by affecting the activity and composition of the microbial community not only 
during cover crop growth, but also by having positive effects on the main crop (Lehman 
et al., 2012; Nakamoto et al., 2012; Mbuthia et al., 2015; Alahmad et al., 2019). Yet, more 
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information is needed to be able to understand the relationship between cover crop 
composition (mixtures versus monocultures) and soil functioning (Garland et al., 2021). 

Soil microbial community
Plants influence the soil microbial community. Each plant does select its own microbiome 
(Berg et al., 2016) as plant traits like growth rate, N content and root exudates have an 
impact on the assembly of the community belowground (Sharma and Sharma, 2021; 
De Vries et al., 2012b). Furthermore, increasing plant diversity will increase microbial 
biomass and respiration in the soil regardless of the ecosystem, however this effect 
is more pronounced with increasing plant stand age (perennial systems) (Chen et al., 
2019). This increased microbial biomass and diversity correlates with a higher diversity 
of root exudates in mixed plant communities (Steinauer, Chatzinotas and Eisenhauer, 
2016b). High microbial biodiversity stimulates soil processes like decomposition and 
mineralization (Philippot et al., 2013; Handa et al., 2014). 

Due to agricultural practices, the food web in the soil becomes less complex and less 
stable (Thiele-Bruhn et al., 2012; Morriën et al., 2017). This leads to a decrease of functional 
groups in the soil, for example mycorrhizal fungi (Wagg et al., 2014) and can result in 
reduced carbon and nutrient use efficiency (Morriën et al., 2017). Simplification of the 
soil community corresponded with a shift in ecosystem functioning (Wagg et al., 2014; 
Delgado-Baquerizo et al., 2016; Trivedi et al., 2019; Bastida et al., 2021). However, diversity 
loss does not per se lead to decline in functioning (Wertz et al., 2006) as there is a high 
functional redundancy in soils (Wagg et al., 2019; Delgado-Baquerizo et al., 2020). It is 
hypothesized that communities with higher levels of soil biodiversity are more robust to 
changes (Wagg et al., 2014). Furthermore, a reduction of the functional diversity and a 
shift from fungal dominated to bacterial dominated communities coincide with changes 
in nutrient cycling in the soil (Wardle et al., 2004; De Vries and Bardgett, 2012). Stimulation 
of fungi in agricultural soils is beneficial as the presence of microbial communities 
with high fungal abundance often coincides with lower N losses via leaching and N2O 
emissions (De Vries et al., 2012b). Fungal biomass can be stimulated by the addition 
of carbon-rich organic residues in agricultural soils (Clocchiatti et al., 2020). Including 
cover crops in agricultural fields can increase microbial biomass and modify microbial 
community structure (Muhammad et al., 2021). This can lead to an increase in functional 
diversity. For example, cover crops can increase the amount of mycorrhizal fungi (Boswell 
et al., 1998; Lehman et al., 2012). This is correlated with increased growth and yield of the 
cash crop (Boswell et al., 1998). Furthermore, individual cover crops may have different 
impacts on the microbial community. Mbuthia et al. (2015) found, for example, a relative 
high abundance of Actinomycetes under vetch cover crop. Vetch cover crops reduced 
the fungi:bacteria ratio in the soil. Leguminous cover crops increases soil N content by N 
fixation (Liu et al., 2021). Increasing plant diversity can reduce soil available N during plant 



General introduction

13

1

growth via niche complementarity and increased root exploration of the soil profile (De 
Vries and Bardgett, 2012). After cover crop growth, residues of cover crops mixtures can 
enhance the functional diversity of the substrates added to the soil. This may stimulate a 
functionally more diverse microbial community. 

Decomposition and nutrient cycling in the soil
Decomposition and mineralization are important processes for crop production to deliver 
nutrients to plants. The soil microbial community composition and the quality of the 
material affect decomposition and mineralization rates. Saprotrophic fungi are abundantly 
present in soils of (semi-)-natural ecosystems and play a major role in decomposition and 
nutrient cycling (van der Wal et al., 2013). Fungal species are able to degrade complex 
organic substrates like lignin. Lignin can only be degraded by a few organisms including 
Streptomyces, brown-rot and white-rot fungi (Mester, Varela and Tien, 2004; Thevenot, 
Dignac and Rumpel, 2010). Arable soils are less favorable for saprotrophic fungi than 
forest soils due to low organic matter content and soil disturbance (Clocchiatti et al., 2020). 
The addition of crop residues and organic material can stimulate the fungal community. 
The composition of the residues influence decomposition processes (Moorhead and 
Sinsabaugh, 2006; Hall et al., 2020), as decomposition by microbes is dependent on the 
quality of the of organic matter such as the C:N:P ratio (Cornwell et al., 2008). Easily available 
carbon and nutrients in residues determine the initial decomposition rate in the soil. 
Added mineral fertilizers have less effect on the microbial community than easily available 
C sources (Fanin et al., 2016). Globally, the microbial biomass is strongly associated with 
the C content in the soil (Fierer et al., 2009), but shifts in N and P availability over time 
have an impact on the composition of the microbial decomposer community (Fanin et 
al., 2016). Growing plant mixtures or amending the soil with multiple litter qualities can 
increase litter decomposition (Handa et al., 2014; Cong et al., 2015c). This may be caused 
by an increase in microbial niches (Toljander et al., 2006) and exchange of nutrients 
between litter types (Handa et al., 2014). Microbial community interactions can influence 
degradation processes positively by mutualism, but also negatively by antagonism. 
Microbes can produce antagonistic compounds to suppress competitors and to protect 
occupied space (Hiscox and Boddy, 2016). 

Microbes have specific niches and capabilities to degrade residues. Fungi have 
lower nutrient requirements compared to bacteria as fungi have higher nutrient use 
efficiencies (Strickland and Rousk 2010). Within the fungal phylum Ascomycota, the class 
Chaetothyriomycetes are related to resource-poor environments while Leotiomycetes and 
Sordariomycetes are related to resource-rich environments (Zechmeister-Boltenstern 
et al., 2015). Within the bacteria, Acidobacteria and Actinobacteria are associated with 
lower quality resources while beta- and gamma-proteobacteria are more favored in soils 
with higher nutrient availability (Zechmeister-Boltenstern et al., 2015). Fierer, Bradford 
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and Jackson (2007) showed that Acidobacteria are indeed dominant at sites with low 
C mineralization rates, while Bacteroidetes increased in abundance with increasing C 
mineralization rates. This shows that Acidobacteria are oligotrophs while Bacteroidetes 
show copiotrophic behavior. These studies indicate that microorganism groups can be 
divided in different life strategies, but within phyla, microorganisms are diverse (Ho, Di 
Lonardo and Bodelier, 2017a). Understanding decomposition, nutrient turnover and 
microbial composition and diversity in agricultural systems is important to estimate 
effects of addition of plant residues and organic amendments to make agriculture more 
sustainable. 

Greenhouse gas fluxes
Management practices, physical and chemical soil properties, climate and crop species 
affect greenhouse gas (GHG) fluxes in agricultural fields (Ceschia et al., 2010). During 
growth, cover crops withdraw nitrogen from the soil (less leaching) (Porre, 2020, chapter 
2) but this will be returned when cover crops are incorporated in the soil during the 
preparation for cash crop cultivation. This can lead to increased CO2 and N2O emissions 
in arable fields compared to a fallow treatment (Abdalla et al., 2012, 2014; Brozyna et al., 
2013; Sanz-Cobena et al., 2014; Li et al., 2016; Muhammad et al., 2019). Abdalla et al., (2014) 
found increased N2O emissions after cover crop incorporation compared to no cover crop. 
N2O can be produced during nitrification and denitrification. Some studies showed that 
denitrification is a main driver of N2O emissions in agricultural fields after cover crop 
incorporation (Li et al., 2016; Duan et al., 2018), however, different soil texture or moisture 
conditions may lead to different conclusions (Wang et al., 2021). Nitrogen retention and 
loss are correlated with the fungal:bacteria ratio and plant traits. Bacterial communities 
have higher N cycling rates compared to fungal dominated communities leading to 
increased N losses (Wardle et al., 2004). Furthermore, cover crop residues can change the 
nutrient availability in the soil during decomposition. Legumes stimulate N mineralization 
as these residues have high nitrogen content (low C:N ratio) while grasses (high C:N ratio) 
immobilize N (Li et al., 2016). Reduction of N availability by growing and incorporating 
cover crops with high C:N ratio has a positive effect of reducing N2O emissions, which 
has a trade-off with yield (Perez-Alvarez et al., 2013). Cover crop mixtures can reduce 
this trade-off by selecting combinations that increase the N content in the soil without 
reducing the N availability. 

During crop growth, plants use CO2 for photosynthesis, but root-microbial interactions via 
the production of root exudates can stimulate priming of SOM leading to increased CO2 
emissions (Bird, Herman and Firestone, 2011). After incorporation of the plant material 
in the soil, CO2 emissions will be increased due to decomposition. Fresh litter inputs like 
cover crop residues increase soil microbial biomass (Barel et al., 2019; Muhammad et al., 
2021). This can lead to increased decomposition of the SOM that was already present in 
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the soil leading to increased CO2 emissions (Xiao et al., 2015). The extent of this so-called 
priming of the resident SOM will determine if the SOM in the soil increases or decreases. 

Methane consumption in soils can take up 10% of the global CH4 sink (Saunois et al., 2016). 
However, agricultural fields have lower methane consumption compared to abandoned 
fields or forests (Levine et al., 2011). Still these soils are a possible sink for methane (Abdalla 
et al., 2014). Microbial functional diversity can influence CH4 cycling. Increased diversity of 
the methanotrophic community stimulates CH4 consumption (Levine et al., 2011; Bodelier 
et al., 2013; Schnyder et al., 2018). Furthermore, the application of organic residues like 
compost and cover crops in agricultural soils can stimulate CH4 uptake (Sanz-Cobena et 
al., 2014; Ho et al., 2015a) which is linked to activity and growth of the methanotrophic 
community (Ho et al., 2019, 2015a; Brenzinger et al., 2021). Cover crops species slightly 
increased methane uptake in a long-term field experiment (Sanz-Cobena et al., 2014), but 
knowledge on the effect of mixtures to enhance CH4 uptake is lacking.

As shown by several studies, plant traits and management strategies influence the GHG 
fluxes in the soil. Accordingly, cover cropping can influence CO2 and N2O emissions and 
CH4 uptake. It needs to be investigated if using cover crop mixtures can have a positive 
effect on the reduction of GHG emissions. 

Aim of the thesis
The aim of this thesis is to compare the effects of cover crop mixtures and cover crop 
monocultures on composition and activity of the soil microbial community. To determine 
the possible effect of cover crop mixtures, the microbial community structure and 
functioning, nutrient cycling and GHG fluxes were measured over time both in pot and 
field experiments. 

The hypothesis is that mixtures of cover crops species with different functional traits will 
increase the belowground microbial biomass and diversity by creating more niches in the 
soil. This will lead to increased microbial functional diversity resulting in more balanced 
element cycling processes. More specifically, I hypothesize that increased microbial 
biomass and – diversity will lead to an increased use of C and nutrients in the soil, thereby 
reducing GHG emissions and providing a more gradual delivery of nutrients to the cash 
crop (Figure 2).

This research is part of the Clever Cover Cropping project with two other PhD projects to 
capture a wide range of research questions related to cover crop mixtures. Ali Elhakeem 
focused in his PhD study on the productivity, resource capture, resource use efficiency 
and competitive relationships in cover crop mixtures (Elhakeem, 2021) while Rima Porre 
studied nitrogen and carbon cycling and decomposition of cover crop mixtures (Porre, 
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2020). Together, we setup a four-year field experiment to address these questions. This 
experiment is described in Chapter 5. 

In Chapter 2, I evaluated in a controlled study if a mixture of cover crop residues increases 
microbial functional diversity and reduces GHG emissions compared to residues of cover 
crop monocultures. Cover crop residues, harvested right before incorporation in the soil, 
were mixed with soil in small pots and incubated for 8 weeks. I measured greenhouse gas 
fluxes, soil mineral N, microbial biomass and metabolic diversity with Biolog ECO plates. In 
Chapter 3, we compared various organic amendments (compost, digestate and sewage 
sludge) with cover crop residues. We used an incubation experiment to determine GHG 
dynamics, soil chemistry and microbial community structure. This was used to estimate 
the global warming potential (GWP) of the organic amendments and cover crop residues 
and to determine if microbial functional groups related to nutrient cycling and GHG 
consumption changed in abundance. 

As microbial diversity is hypothesized to play an important role in decomposition and 
organic matter turnover, I evaluated in a meta-analysis (Chapter 4) if higher fungal 
diversity will increase decomposition rate. The focus on fungal species was made because 
saprotrophic fungi play a major role in decomposition and nutrient cycling. I collected 
papers studying diversity effect of litter decomposition (wood and leaf litter) in aquatic 
and terrestrial environments and both in lab incubations and field experiments. 

In Chapter 5, I tested the effect of adding cover crop monocultures and mixtures to an 
agricultural rotation in a four-year field experiment. The effect of mixtures were compared 
to monocultures. I analyzed if mixtures can reduce GHG emissions and increase microbial 
biomass and diversity compared to monocultures. This was studied during cover crop 
growth, cover crop decomposition and main crop growth. 

In the last chapter (Chapter 6), I synthesize the main findings of this thesis. I integrate the 
results, compare it with other research and suggest further research possibilities and the 
potential to use these results in current agricultural practice. 
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Figure 2. Hypotheses of the effect of cover crop mixtures compared to cover crop monocultures.
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Abstract

To improve sustainability in agricultural systems, winter cover crops are increasingly 
replacing fallow to stimulate soil functions that reduce nutrient losses and greenhouse 
gas production, reduce pests for the next cash crops, increase soil organic matter 
pools and reduce erosion. Several of these functions are highly dependent on soil 
microbes decomposing cover crop residues. Since cover crop species differ in their 
traits it is hypothesized that plant species residue mixtures with complementary 
characteristics perform better by stimulating soil microbial functional diversity. To test 
this, residues of cover crop monocultures and mixtures were mixed with agricultural 
soil in a microcosm experiment, and fungal and bacterial biomass, microbial metabolic 
potential, greenhouse gas emissions and soil nutrients were measured during 50 days. 
Fungal biomass increased for all treatments compared to the control (no additions). 
However, there were no significant differences between cover crop mixtures and 
monocultures. Biolog ECO plates were used as a proxy for the metabolic potential of 
the microbial community. The number of substrates used was significantly higher in 
soil amended with residues of cover crop mixtures indicating an increased number 
of substrate niches for microbes. C:N ratio of cover crop residues was shown to be 
an important variable in explaining dynamics of CO2 and N2O emissions. Mixtures 
of cover crops showed reduced N2O and CO2 emissions compared to monocultures 
at the start of the experiment, but did not reduce greenhouse gas emissions over 
the whole incubation period. Adding nitrogen to the cover crop treatment with the 
highest C:N ratio (oat) did increase N2O emissions, but not CO2 emissions suggesting 
that decomposition rate of oat residues is not limited by nitrogen availability. Overall, 
mixtures of cover crops stimulated microbial functional diversity in soil incubations. 
Although this may have positive implications for soil quality and functioning in 
agricultural fields, further studies are needed to verify if these results hold under field 
conditions.

Keywords: microbial functional diversity, decomposition, cover crops, greenhouse 
gas emissions, sustainable agriculture
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Introduction

Sustainable management of soils is essential to ensure balanced soil functioning with 
maintenance or increase of soil organic matter and minimal losses of inorganic nutrients, 
an idea already raised a few decades ago (Holmberg, Bass and Timberlake, 1991). Ecological 
processes such as decomposition are important for maintaining soil quality. These 
processes are modulated by soil biota, which are negatively affected by management in 
intensive agriculture (Tsiafouli et al., 2015) such as predominant use of mineral fertilizers and 
monoculture cropping systems. This reduces the functional diversity in the soil (Tsiafouli 
et al., 2015), which may affect plant performance. Creating more diverse cropping systems 
potentially leads to more sustainable agriculture as studies in (semi-)natural ecosystems 
have already shown that plant diversity improves soil microbial diversity leading to 
enhanced ecosystem functioning (Wardle et al., 2004; Fierer et al., 2009; Wagg et al., 2014; 
Lange et al., 2015). Additionally, it is known that high microbial diversity is important for 
maintaining multi-functionality in ecosystems (Eisenhauer, Reich and Isbell, 2012; Wagg 
et al., 2014; Delgado-Baquerizo et al., 2016). By stimulating the microbial diversity, the aim 
is to increase functional diversity belowground such as the ability to metabolize a wide 
spectrum of organic compounds (metabolic potential). Diversification of organic matter 
inputs into agricultural systems, e.g. use of cover crop mixtures, is expected to increase 
functional diversity belowground (Hattenschwiler, Tiunov and Scheu, 2005; Baumann et 
al., 2009). This can have positive effects on nutrient availability (Olson, Ebelhar and Lang, 
2010; Zhou et al., 2012) and suppression of pathogens (Wang, McSorley and Kokalis-
Burelle, 2006). 

Cover crops grow during autumn and winter when the fields are usually fallow. During 
fallow, fields are more vulnerable to leaching of nutrients to groundwater. Cover crops can 
be harvested or are incorporated into the soil as green manure before the cash crops are 
introduced. This coincides with changes in the abundance and composition of microbes 
(Baumann et al., 2009; Shi and Marschner, 2014; Tao et al., 2017), being the biological 
catalysers of degradation. The compositional changes are related to the different 
substrates added to the soil (Baumann et al., 2009). However, the effects on functioning of 
the increased microbes are less clear. 

Soil microbial functioning depends strongly on substrate quality and quantity 
(Zechmeister-Boltenstern et al., 2015; Mooshammer et al., 2014a). Cover crops are usually 
fast growing species with a C:N ratio varying from 8 to 30, delivering residues with an 
initial stoichiometry that deviates from that of the microbial biomass as the C:N ratio of 
the soil microbial biomass is on average 7 (Xu, Thornton and Post, 2013). Mixtures with a 
wide range of plant species with deviating C:N ratios provide a range of substrates to the 
soil system, which may increase the niche breadth of the microbial community leading 
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to an increased metabolic potential. For example, soil amended with residues composed 
of mixtures of plants with a wide range of chemical qualities resulted in additive effects 
for C and N mineralization (Redin et al., 2014). Besides C and N, other nutrients like P, 
S and K can be provided by cover crop residues and these nutrients are important for 
microbial growth and activity (Tao et al., 2017). Furthermore, potassium concentrations 
are positively correlated with soil microbial biomass (Nair and Ngouajio, 2012). Hence, 
well-selected plant species mixtures may produce residues with a broader nutrient and 
stoichiometric spectrum thereby creating conditions facilitating the establishment of 
a diverse community with increased metabolic potential and higher microbial biomass 
compared to the use of monocultures (Nicolardot et al., 2007; Baumann et al., 2009, 2011). 

Besides nutrients released from plant residues, turnover of microbial biomass formed 
during degradation of cover crop residues, may contribute to nutrient supply for the main 
crop following cover crop residue decomposition. However, sparse information is available 
considering nutrient release from microbial biomass in soils. It has been demonstrated 
that microbial products released after decomposition are the main precursors of SOM 
formation (Cotrufo et al., 2013, 2015; Kallenbach, Frey and Grandy, 2016). Increases of 
SOM may be beneficial for plant growth by increasing the soil absorption complex and, 
therefore, nutrient retention (Lal, 2004; Lehmann and Kleber, 2015). SOM will only increase 
if the amount of carbon incorporation is higher than the carbon loss via respiration. 

Both litter quality (e.g. C:N ratio) and agricultural practices (tillage) influence greenhouse 
gas emissions after cover crop incorporation (Petersen et al., 2011; Abdalla et al., 2014; 
McCourty, Gyawali and Stewart, 2018). Cover crop monocultures can have positive as well 
as negative effects on greenhouse gas emissions depending on the quality of the litter 
(Basche et al., 2014). It is expected that the microbial community will be more efficient 
in decomposing residue mixtures compared to monocultures (Bardgett and Shine, 1999; 
Loreau, 2001). The effects of mixtures of cover crops, on GHG emissions have still to be 
investigated. 

In this study, we executed a pot experiment in which residues of cover crop monocultures 
and - mixtures were added to a sandy, intensively managed agricultural soil with the aim 
to test the following hypotheses: 

•	 Microbial biomass is positively affected by mixtures of cover crop residues due to 
increased substrate diversity. 

•	 Mixtures of residues lead to a higher microbial functional diversity by increasing the 
niche breadth of the microbial community. 

•	 Residue mixtures reduce greenhouse gas emissions due to increased nutrient use 
efficiency.
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Materials and methods

Plant material and soil samples
Cover crop material was harvested in February 2017 from plots created and managed 
by Joordens Zaden company in an arable field in Neer, the Netherlands (51°18’24.7”N 
6°05’08.8”E). Harvest was one week before the cover crops were ploughed in. Above- 
and belowground plant material of fifteen species was harvested from five different 
plant families (Avena strigosa, Vicia sativa, Raphanus sativus, Guizotia abyssinica, Phacelia 
tanacetifolia, Sinapsis alba, Camelina sativa, Brassica carinata, Brassica napus, Lens 
culinaris, Medicago sativa, Pisum sativum, Trifolium alexantrinum, Secale cereale and 
Fagopyrum esculentum). These fifteen species represent commonly used cover crops in 
the Netherlands. All cover crops were harvested from monoculture fields. Roots were 
collected simultaneously with the shoots by first making the soil loose with a shovel before 
pulling the complete plants out of the soil. The cover crops were dried at 40°C, cut in 
pieces of maximally 1 cm and stored at room temperature. Both above- and belowground 
plant material was used in the experiment (in ratio present at harvest and mixed during 
processing of the samples). Elemental composition (carbon (C), nitrogen (N), phosphorus 
(P), potassium (K) and sulfur (S)) was analyzed. C and N was analyzed by grinding 1 mg of 
plant material, transferred to tin cups and analyzed with an element analyzer (Flash EA 
1112, Thermo Scientific). K, P and S were measured from 20 mg of grinded plant material 
with microwave-assisted digestion with nitric acid and hydrogen peroxide (Hansen et al., 
2009, 2013) and measured on an ICP-OES (iCAP 6500 DUO, Thermo Scientific).

Soil was collected in April 2017 from a conventionally managed agricultural field in 
Wageningen, the Netherlands (51°59’44.6”N 5°39’34.9”E). The soil type is loamy sand 
(83% sand, 12% silt and 2% clay). This is a highly disturbed arenic gleysol. Soil pH was 
5.3 and soil organic matter content 3.1%. Prior to soil collection, the fields were from late 
summer after harvest of the cash crop (wheat). Fallow fields were used to ensure that the 
soil had no legacy of cover crops at the start of the experiment. The top 20cm of the soil 
was collected, as this is the plowing depth of the field. Prior to the experiment, the soil was 
sieved through a 4 mm sieve to remove stones. The sieved soil was stored at 4°C before 
the start of the experiment for maximally 1 month. 

Experimental setup
250 gram of moist soil was mixed with 0.5 gram of plant material of different combinations, 
cut in pieces of 1 cm in length, and added in small plastic pots made from HDPE (6.5 
cm in diameter and 14.5 cm height). The pots were loosely packed with a bulk density 
of 0.92 g/cm3. The amount of added plant material is comparable with 5 ton per ha on 
an agricultural field scale, which is the common yield of cover crops in agriculture in the 
Netherlands. The treatments consisted of residues of monocultures of Avena strigosa (oat, 
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A), Vicia sativa (vetch, V) and Raphanus sativus (radish, R), a three species mixture of vetch, 
radish and oat (VRA) and a 15 species mixture (15sp) containing all harvested cover crops. 
The plant material in the mixtures was equally divided among the species in the mixture 
(0.17 gram plant material per species in the 3 species mixture and 0.03 gram plant material 
per species in the 15 species mixture). The three monocultures and three species mixture 
were chosen as these three species are commonly used as cover crops, representing 
three different plant families. The 15 species mixture was used to create a highly diverse 
mixture of plant traits. The nutrient content of plant material in the different treatments 
is shown in Table 1. To identify if the microbial decomposing activity is nitrogen limited, 
a treatment with added mineral nitrogen was used in the monoculture with the highest 
C:N ratio (oat) (A+N). In this treatment, 37 mg NH4NO3 was added to reduce the C:N ratio 
to approximately 10. As control (C), pots without added plant material were used.

The pots were incubated in the dark at 20°C for 50 days. The pots were watered twice a 
week to keep the water content of the soil at 60% of the water holding capacity (16.6 g 
water per 100 g of dry soil). 

Soil samples were taken at 1, 3, 7, 12 and 50 days after the start of the experiment. At 
the start (T0), a soil sample was taken before mixing plant residues with the soil. The 
subsamples were taken destructively to prevent disturbance of the pots. Soil samples 
were taken after mixing the soil in pots to obtain a homogeneous sample. 

Table 1: Nutrient content of the added plant material.

N
(g*kg-1)

C
(g*kg-1)

C:N K
(g*kg-1)

P
(g*kg-1)

S
(g*kg-1)

V. sativa (V) 39.7 327.6 8.26 21.23 5.87 3.21

R. sativus (R) 24.5 382.7 15.64 12.17 5.49 3.14

A. strigosa (A) 12.0 373.0 31.16 2.79 1.91 1.16

3 species (VRA) 25.4 361.1 14.23 12.06 4.42 2.51

15 species (15sp) 18.1 364.6 20.16 9.56 3.31 2.32

Microbial biomass
Fungal biomass was measured in one gram of soil for all sampling time points using 
ergosterol as a proxy following the Bååth alkaline ergosterol extraction method (Bååth, 
2001; De Ridder-Duine et al., 2006). The ergosterol concentration was measured using LC-
MSMS (6460 Triple Quad LC-MS, Agilent). Ergosterol was used to measure fungal biomass 
as this is a good method to estimate the saprotrophic fungi in the soil (Joergensen and 
Wichern, 2008). Bacterial biomass was measured using qPCR. DNA was extracted using 
DNeasy Powersoil Pro Kit (Qiagen, Venlo, The Netherlands) with 0.25 gram of soil according 
to the instructions provided by the supplier. The quantity and quality of the extracted 
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DNA was analyzed with a spectrophotometer (Nanodrop 2000, Thermo Scientific). qPCR 
assays were used to target the 16S rRNA gene for bacteria. Each assay was performed 
with 2 ng*µL-1 of DNA in duplicates for each DNA extract with the primer pair EUB338 
and EUB518 (Fierer et al., 2005). Each qPCR (total volume of 15 µL) consisted of 7.5 µL 29 
SensiFAST SYBR (BIOLINE), 0.75 µL of forward and reverse primes each, 1.5 µL of bovine 
serum albumin (5 mg*mL-1; Invitrogen), 1.5 µL DNase- and RNase-free water and 3 µL of 
the template DNA. Standard curves were obtained using 10-fold dilution series of a known 
amount of plasmid DNA from isolates of Collimonas (108 to 101 gene copies) containing 
the 16S rRNA fragment. The qPCR was performed with a C1000 Touch Thermal Cycler 
(CFX-real-Time system, Bio-Rad Laboratories, Inc.). As negative control, water was used 
instead of template DNA. Efficiencies for all assays were between 80.3 and 112.1 % with r2 
values between 0.951 and 0.989. 

Bacterial biomass C was calculated by using the conversion factor 4.1 for 16s rRNA gene 
copy numbers for bacteria (Santelli et al., 2008) and bacterial biomass estimates as 
described by (Bloem, Veninga and Shepherd, 1995). The ergosterol data were converted 
to fungal biomass C using the conversion factor 5.4 mg ergosterol*g biomass C-1 (Klamer 
and Bååth, 2004). Both calculations were used to estimate the total microbial biomass C 
(MBC) in the soil and the fungi:bacteria ratio. 

Microbial functional diversity with Biolog ECO plates
Biolog ECO plates (Biolog Inc., Hayward, CA) were used to determine the ability of the 
microbial community to grow on different substrates (metabolic potential). This is used 
as a proxy for microbial functional diversity and niche breadth of the community (Mallon 
et al., 2018). Biolog ECO plates contain 31 different C-substrates. To prepare Biolog ECO 
plates, microbial communities were extracted from 1 gram of soil with 10 ml TrisBis buffer 
as described by Rutgers et al. (2016). The soil samples were taken at 12 and 50 days after 
the start of the experiment. Three dilutions (factor 8) from the microbial suspension were 
prepared based on a test sample to identify the transition point between low and high well 
color development to be able to distinguish the differences between the treatments. The 
ECO plates were incubated at 20°C in the dark under humid conditions. The absorbance 
at 592 nm (purple) and at 750 nm (turbidity) was measured at 2h, 4h and 3, 5 and 7 days 
after plate preparation in a plate reader (Spectramax 250, Molecular Devices Corp., Memlo 
Park, CA). If the microbial community was able to grow on the substrate, absorbance 592 
nm – 750 nm of the substrate was higher than the blank (water) with a threshold of 0.1, 
this was scored as “1”. If there was no purple color development (no growth), this was 
scored with “0”. 
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Nutrient analyses
At two time points (12 and 50 days), plant available soil nutrient concentrations (N, P, K and 
S) were measured. 50 mL 1 M KCl was added to 10 g of soil to extract NO3 and NH4. Clear 
supernatant was stored in the freezer before analysis on an AutoAnalyzer (SEAL QuAAtro 
SFA system, Beun- de Ronde B.V. Abcoude, The Netherlands). 

P, K and S were determined after extraction of 3 g soil added to 30.0 mL 0.01M calcium 
chloride solution. This extraction procedure is used as it is considered as a proxy for plant 
available nutrients in the soil solution (Menzies, Donn and Kopittke, 2007). After 2 hours 
of shaking, the sample was centrifuged at 3000 rpm and the supernatant was filtered 
through a Whatman Puradisc Aqua 30 filter with CA membrane. 130 μL HNO3 was added 
to 12.87 ml filtrate and stored for maximal one day at 4°C before analysis with an ICP-OES 
(iCAP 6500 DUO, Thermo Scientific). 

Greenhouse gas measurements
Greenhouse gas (GHG) fluxes were measured daily up to 9 days. From day 9 on, 
measurement frequency was decreased to once a week until the end of the experiment. 
Thus, measurements were done at days: 1-9, 11, 12, 14, 16, 18, 21, 24, 28, 35, 42 and 50. 
CO2 and N2O fluxes were measured over an hour by closing the pots and taking an air 
sample at 0 and 60 min after closing. 20 mL of air was taken from the pots of which 14 
ml was flushed in a 6 mL exetainer (Labco, UK) and the last 6 mL was used to create an 
overpressure of 1 bar. The exetainers were analyzed using an autosampler (TriPlus RSH, 
Thermo Fisher Scientific, Bleiswijk, The Netherlands) connected to a gas chromatograph 
(GC1300, Thermo Fisher Scientific) equipped with a Methanizer and a Flame Ionization 
Detector (FID) to detect CO2 and CH4 an electron capture detector (ECD) for detection 
of N2O. The gas chromatograph contained two sets of a pair Rt-Q-Bond capillary 
columns (L; 15m and 30m, ID; 0.53mm, Restek, Interscience, Breda, The Netherlands). 
Chromeleon™ Chromatography Data System 7.1 (CDS, Thermo Fisher Scientific) software 
was used to analyze the obtained gas chromatograms from the GC. Fluxes of CO2 and 
N2O were calculated on basis of the accumulation during 1 hour. Gas concentrations were 
calculated in ppm values by comparing with calibration curves, which were generated 
by dilution of a certified gas mixture (1 ppm N2O, 2 ppm CH4 and 2000 ppm CO2; Linde 
Gas, The Netherlands). The concentrations (ppm) were converted into absolute amounts 
(mmol) with the gas law: pV = nRT in which p is the pressure in the pot, V is the volume, n 
is the amount gas in mol, R is the gas constant (8.31 J·K−1mol−1) and T is the temperature. 
Cumulative fluxes of the GHG emissions were calculated by assuming that the time 
between the samples was similar to the average of both samples: 

where Ф is the flux at time point i and T is the time between the different time points  
(i and j).
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Data analysis
The data were analyzed with R (version 3.5.1) with attached packages: agricolae, car and 
plyr for statistical analysis; ggplot2, grid and gridExtra for making figures; dplyr, survival, 
Formula and Hmisc for making correlation tables; and klaR and MASS for RDA analysis. 
First, the data were tested for normality and for homogeneity of variances. If this was not 
the case, Tukey’s ladder of powers transformation in the package Rcompanion was used to 
meet the criteria for parametric statistical testing as log transformation was not sufficient 
to make the data normally distributed. The data were analyzed for significant treatment 
effects using a linear model and Anova. A post hoc Tukey test was used to identify the 
significant differences between the treatments. The greenhouse gas emissions data over 
time were not normally distributed and were analyzed using Kruskal-Wallis rank sum test 
combined with Scheffe test to determine treatment and time effects. Correlations were 
calculated between the GHG and nutrient content in the plant residues and in the soil.

The Biolog data were analyzed in R and Canoco (version 5). RDA analysis in Canoco was 
used to find the dissimilarity between the treatments. To determine if microbial biomass 
was driving differences in well color development, these parameters were added in the 
RDA analysis as environmental variables. All environmental variables were included in 
the analysis for visualization of the effecs. 500 permutations were used. Correlations were 
tested between the environmental variables. 

Comparison of the effect of mixing of cover crops was done for the three species mixture. 
First, the expected values for contribution by the 3 species were determined by calculating 
the sum of all individual monocultures for a certain trait divided by the amount of species 
in the three species mixture. Next, it was tested if the values for the traits in the three 
species mixture were significantly different from the expected values. Results were 
statistical significant when the p-value was smaller than 0.05. 

Results

Microbial biomass
Addition of plant material stimulated growth of fungi as indicated by increased soil 
ergosterol contents (Figure 1). The fungal biomass was not significantly different between 
the different residue treatments, but was higher than the control treatment (C) without 
added plant residues (p < 0.001). There was no significant difference between the different 
time points (Table S1, p = 0.42). Residue mixtures (VRA and 15sp) did not have an additive 
effect over monocultures, but mixtures showed a more gradual increase of ergosterol in 
the soil compared to the monocultures. Monocultures led to a fungal biomass peak at 
different time points, for example: vetch (V) at 3 days and oat (A) at 12 days.
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Bacterial biomass (based on 16S rRNA gene copy numbers) was significantly different 
between cover crops additions three days after cover crop incorporation (Figure 2, p < 
0.001). At this time point, radish (R), vetch alone and the three species mixture (VRA) led 
to an increase of the bacterial biomass compared to the control. Overall vetch, radish and 
both mixtures led to an increase of bacteria during the experiment compared to the other 
treatments, which disappeared after 50 days of incubation. 

Dynamics of bacterial and fungal biomass development differed between treatments. 
Vetch led to an early increase of both fungal and bacterial biomass (at three days) while 
the oat residue led to an increase at a later time point (12 days). Mixtures had a more 
gradual increase and decrease and not a clear peak at one of the measured time points.

Microbial biomass C (MBC) was calculated to estimate the total amount of microbial 
biomass in the soil. The MBC ranged between 0.45 to 28 mg C per kg soil (Table S3). The 
highest values for radish monoculture and the three species mixture were mainly driven 
by high bacterial abundance in the samples compared to the other treatments. The F:B 
ratio increased during decomposition, after 50 days, this increase disappeared (Table S3). 

Figure 1: Fungal biomass (mg ergosterol *kg soil-1) over time (mean ± SE; n = 4). A: control, monocultures V, R, A 
and A+N; B: control, mixtures VRA and 15sp. expVRA is the average of the three monocultures (V, R and A). The 
results of the statistical test are shown in Table S1.
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Figure 2: Bacterial biomass (based on copy numbers of the 16S rRNA gene with qPCR) over time (mean ± SE;  
n = 4). A: control, monocultures V, R, A and A+N; B: control, mixtures VRA and 15sp. expVRA is the average of the 
three monocultures (V, R and A). The results of the statistical test are shown in Table S2.

Microbial functional diversity 
Microbial metabolic potential, as proxy for functional diversity, was measured with Biolog-
ECO plates. Microbes in soil suspensions obtained from mixed residue additions showed 
a significant increase in substrate use compared to those obtained from monocultures at 
both time points (Figure 3 and Figure S1, p = 0.0016), except for vetch residue. For radish 
and oat (with and without added N), there was no significant difference compared to the 
control. Recalcitrant substrates like D-cellobiose (G1) and glycogen (F1) could be used at 
low concentrations by microbes derived from the mixtures of residues, while microbes 
from monocultures only degraded these substrates at the highest inoculum density. 
These differences between substrate use are shown in a RDA analysis (Figure 4). Radish, 
oat and oat with N grouped together, while 15sp and VRA are significantly different from 
vetch (V). Both mixtures could use several substrates including polymers and carboxylic 
acids while microbes from vetch-amended soil used more amino acids. Microbial biomass 
had no significant effect on substrate use in the Biolog plate (p = 0.44). Only C, 15sp and 
V explained a significant part of the variation observed in the redundancy analysis using 
forward selection (Table S8, adjusted P-values are lower than 0.05). 
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Figure 3: Microbial functional diversity: number of wells that showed a positive response in Biolog ECO plates 
after incubation of 7 days (mean ± SE; n = 4). As the treatments are not significantly different over time (p = 0.59), 
the average of both time points (T12 and T50) is shown here (complete graph is Figure S1). The different letters 
indicate significant differences between treatments. The results of the statistical test are shown in Table S6.

Figure 4: RDA (Redundancy Analyses) ordination plot based on positive/negative (1/0) results of the data from 
the Biolog ECO 96 well plates after 7 days of incubation. The letters indicate the different substrates and are listed 
in Table S9. Time was significantly related to the results of the Biolog ECO plates (P = 0.004), microbial biomass 
was not significantly correlated with the results. The results of the RDA are shown in Table S7 and Table S8. 
Correlations between the environmental variables are shown in Table S10.
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Greenhouse gas fluxes 
Cover crop addition to the soil showed an immediate response of greenhouse gas 
emissions. For all treatments, the first measurement at day 1 showed the highest GHG 
emissions. Vetch-amended soil showed the highest peak for both CO2 and N2O at the start 
followed by reduction that was faster than for the other residue treatments (Figure 5).

Cumulative fluxes showed that after 50 days, vetch decomposition resulted in the highest 
N2O emissions while oat (with the highest C:N ratio) had the lowest (Figure S2B). Based on 
the average greenhouse gas emissions of the three monoculture treatments, expected 
values for the three species mixture were calculated. The N2O emissions of the three species 
mixture was not significantly different from the expected N2O emissions. Cumulative N2O 
fluxes were negatively correlated with the C:N ratio of the initial plant material (Figure S4, 
r = -0.57, p = 0.0014), plant and soil N content correlated positively with N2O emissions (r 
= -0.67, p < 0.001 and r = -0.61, p < 0.001 respectively). 

CO2 emissions showed a similar trend as N2O (Figure 5A). For vetch- and radish amendments 
there was a decrease during prolonged incubation, while CO2 fluxes for oat and oat with 
N were nearly constant over the experimental period. Cumulative CO2 emissions did not 
correlate with C:N ratio of the residues (r -0.16, p = 0.40), but did correlate negatively with 
C content (r = -0.37, p = 0.049), C:P (r = -0.66, p < 0.001) and N:P ratio (r = -0.57, p = 0.0016). 
Interestingly, CO2 emissions did correlate positively with initial plant P (r = 0.73, p < 0.001), 
K (r = 0.71, p < 0.001) and S (r = 0.70, p < 0.001) content and soil K (r = 0.71, p < 0.001) and 
S (r = 0.65, p < 0.001) content after 50 days (Figure S4).

The total global warming potential (GWP) was calculated based on the global warming 
potential for each separate gas from the cumulative fluxes over 50 days of incubation (CO2 
= 1 and N2O = 265). Overall, cumulative greenhouse gas fluxes showed that amendment 
with vetch and radish only resulted in the highest greenhouse gas emissions after 50 days 
(Figure 6). 
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Figure 5: Greenhouse gas fluxes over time (days) (mean ± SE; n = 4). A: mmol CO2 per hour per m2; B: µmol N2O 
per hour per m2; C: close-up of N2O graph. The results of the statistical test are shown in Table S11 and Table S12.

Figure 6: Cumulative greenhouse gas fluxes of both CO2 and N2O calculated as CO2 equivalent values (mean ± 
SE; n = 4). The letters indicate significant differences between the treatments. The results of the statistical test are 
shown in Table S13. The separate cumulative greenhouse gas fluxes of both CO2 and N2O are shown in Figure S4.
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Soil nutrients
Plant-available soil nutrient content was differently affected by cover crop residue 
additions. For N, only NO3

- content significantly accumulated in the soil during 
decomposition (Figure 7A). The materials with the lowest C:N ratio (vetch) showed the 
largest mineral N accumulation at both time points. Oat alone immobilized N from the soil. 
Both mixtures show intermediate accumulation of mineral nitrogen in the soil. Mineral N 
accumulation for the three species mixture was similar to the expected value based on the 
three monocultures. 

Both vetch and radish have high S contents (Table 1). This is reflected by the extractable 
S content in the soil after incubation at both 12 and 51 days after incubation (Figure S3C). 
Similar to S, vetch led to the highest extractable K and P content in soil as well (Figure S3A 
and B). Oat with added N had a significantly higher P increase over time than oat alone. 
The plant species mixtures had significantly higher concentrations of all three nutrients 
compared to oat, but not compared to the other two monocultures. Most of the K in the 
plant material was already available in the soil after 12 days. Approximately 90% of the K 
in the plant material was released for vetch, radish and the three species mixtures (Figure 
8A), while only 5% of the P present in the total amount of residue (Figure 8B) and 50% of 
the added residue S was released in vetch and radish (Figure 8C), as measured with CaCl2 
extraction. Decomposing oat residues showed the lowest increase of mineral nutrients in 
the soil. 

The amount of nutrients in the plant material added to the soil correlates positively with 
the nutrient content in the soil at the end of the experiment (Figure S4). The amount of P, 
K and S in the plant strongly correlates with each other not only in the plant residue (r > 
0.9, p < 0.001), but also in the soil after 50 days (r > 0.48, p < 0.01). Furthermore, the C:N, 
C:P and N:P ratio of the added cover crop residues correlates negatively with the amount 
of K, P and S in the plant residue and in the soil. 
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Figure 7: N content (mg per kg of dry soil) in the soil at the different time points (in days) (mean ± SE; n = 4). 
A: NO3; Letters indicate significant differences between the treatments. The treatments show similar increase 
over time. B: NH4. There are no significant differences between the treatments in B (only A+N was significantly 
different at T12), the asterisk indicate the significant difference between T12 and T50 of A+N. The results of the 
statistical test are shown in Table S14 and Table S15.
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Figure 8: Percentage of nutrients that is released from the added plant material in the soil at the different time 
points (in days) (mean ± SE; n = 4). A: K; B: P; C: S.

Discussion

We investigated the effect of soil amendment with cover crop residues of mixtures and 
of monocultures on respiration, mineralization, greenhouse gas emission and microbial 
functional diversity. As previously shown, above- and belowground biodiversity is 
important to maintain ecosystem functioning (Wagg et al., 2014). The current study aimed 
to determine if application of mixtures of cover crop residues has a positive effect on the 
functioning of soil microbes, compared to the residue of a monoculture cover crop. In 
this study, soil without a cover crop legacy was used to prevent effects of cover crops 
growing in the field (e.g. presence of root fragments). The cover crop residue amount used 
in this experiment is comparable to biomass production of winter cover crops. Although 
different cover crops in mixed cultures in the field do not produce the same amount of 
biomass, we used equal amounts of each species in the added mixtures to be able to 
identify if diversity effects could occur. 
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Microbial biomass dynamics
Fungal and bacterial biomass did increase when cover crop residues were added to 
the soil (Figure 1 & 2). The dynamics of fungal and bacterial biomass differed between 
residues added, which appeared to be mainly caused by C:N ratio of the plant residues. 
These results partially support the first hypothesis: different cover crop species can indeed 
lead to different microbial biomass dynamics. Mixtures of cover crop residues, however, 
did not result in increased biomass as compared to those of single species. Similar results 
have been published by (Shi and Marschner, 2014) who found only increased microbial 
activity, but no increased microbial growth in residue mixtures of root and shoot of a 
diverse set of plants as compared to either root or shoot residues alone. Furthermore, litter 
mixture effects in forests are mainly caused by the plant species identity (Hattenschwiler 
and Gasser, 2005) and do not lead to increased biomass of the decomposer community 
(Wardle et al., 2006). These studies show that increase in microbial biomass also depends 
on the residue mixture, amount of residue and the environment. 

Microbial functional diversity
Mixing plant material might lead to an increased amount of substrate niches that can lead 
to increased microbial functional diversity in the soil. In this experiment, the metabolic 
response of the microbial community as assessed by Biolog Eco plates was influenced 
by cover crop residue additions. As hypothesized, mixtures led to increased functional 
diversity as compared to monocultures leading to increased metabolic potential of the 
community (Figure 4). It should be considered that Biolog ECO plates, in potential, do 
reflect the substrate usage of the aerobic carbon utilizing microbial community. Dormant 
and microbes with another physiology are not captured. However, the substrate range of 
the ECO plates is so broad that a wide range of microbes will be detected, wide enough 
to assess effects of changes in environmental conditions in microbial functioning in 
comparative experimental designs. Hence, Biolog can be used as indicator of microbial 
potential for substrate usage and potential changes therein as the results of the changes 
in physical chemistry (i.e. niches) of the soil.

For natural systems, it was already shown that litter mixtures increase soil microbial 
diversity (Wardle et al., 2006; Chapman and Newman, 2010; Chapman et al., 2013; Byrnes et 
al., 2014; Delgado-Baquerizo et al., 2016). Several studies indicate that microbial functional 
diversity is enhancing soil ecosystem functions such as disease suppression (Van Elsas, 
Garbeva and Salles, 2002; Garbeva et al., 2006; Postma et al., 2008; Mallon, Elsas and 
Salles, 2015b), decomposition and nutrient cycling (Wagg et al., 2014; Delgado-Baquerizo 
et al., 2016, 2017). Van Elsas et al. (2012) showed that a higher microbial diversity could 
lead to reduced ability for pathogens to invade soil environments. This may be a result 
of the higher competition for resources in diverse microbial communities with a more 
diverse metabolic potential leading to reduced niche space for the invader (Mallon et al., 
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2018, 2015a). As with disease suppression, decomposition may need a functional diverse 
community to be able to decompose residues faster and use the nutrients more efficiently 
(Loreau, 2001; Hattenschwiler, Tiunov and Scheu, 2005). This does not necessary mean that 
the microbial biomass is higher as well, as this experiment showed increased functional 
diversity, but not increased microbial biomass in mixtures compared to monocultures. 

Greenhouse gas emissions
We hypothesized that residue mixtures lead to reduced GHG emissions compared to 
monocultures as we expected that the microbial community would be more efficient in 
using nutrients in residue mixtures compared to monocultures as a result of increased 
carbon use efficiency (Hattenschwiler, Tiunov and Scheu, 2005). In this experiment, mixtures 
did not reduce cumulative GHG emissions compared to residues from monocultures 
(Figure 6). Vetch had the highest cumulative emissions. The nitrogen concentration in the 
vetch residue was nearly double compared to the other residues (Table 1). This may have 
increased the decomposability of the vetch compared to the other residue treatments. 
Management practices, including cover crops and tillage, play an important role in 
mitigating GHG emissions (Kallenbach, Rolston and Horwath, 2010; Abdalla et al., 2012, 
2014). Furthermore, as shown by Basche et al. (2014) in a meta-analysis, decomposition 
of cover crops led to increased N2O emissions, mainly caused by the amount of N added 
with cover crops. This shows that nutrient content of the plant material is a main driver of 
soil GHG fluxes and microbial activity in the soil (Basche et al., 2014; Marschner, Hatam and 
Cavagnaro, 2015; Nguyen et al., 2016b). 

In the current study, the total amount of plant material was the same for all treatments, 
leading to different amounts of C and other nutrients added to the soil (Table 1) leading 
to correlations between the amount of C and N and greenhouse gas emissions. The 
correlation between the amount of C and CO2 emissions was weaker compared to the 
amount of N with N2O emissions, probably because the amount of C is not only important 
but also the recalcitrance of the material. Furthermore, adding N in the treatment with oat 
residue did increase mainly N2O emissions but not CO2 emissions. This lack of response 
in respiration may be explained by the recalcitrance of the material to degradation or 
shortage of other nutrients. 

Nutrient release
The impact of decomposing cover crop residues on nutrient availability depended on the 
plant species, as shown in the results (Figure 7 & 8). K availability in the soil increased up 
to 90% of the amount added with the plant material while P availability only increased 
up to 10%. The available P released from the cover crops residues is low compared to a 
field study by (Cobo, Barrios and Delve, 2008) where only 30% of N and P remained in the 
plant material after 50 days of decomposition of two different leguminous plants. Rapid 
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release of K from decomposing plant material has been shown earlier (Cobo et al., 2002). 
Decomposition of oat was not stimulated by the addition of NH4NO3, as the CO2 emissions 
(respiration rate) are similar to oat without added N. The question arises: by what factor 
are these microbes limited other than N? Are other nutrients, e.g. P, K or S, missing? As 
shown before, adding nitrogen to decomposing plant residues can increase, decrease or 
have no effect on decomposition rates (Liu et al., 2006; Hobbie, 2008; Norris et al., 2013). 
In this experiment, the treatment with highest N content, vetch, led to an increase of 
the fungal biomass quickly after start of the experiment and higher CO2 emissions, but 
vetch also had higher P, K and S amounts in the plant residues. Microbes may lack these 
nutrients in the treatment where only N was added to oat. Interestingly, P availability in 
the soil is increased when NH4NO3 is added, indicating that other nutrients are limiting. 
N addition to decomposing litter in other systems led to increased P availability as well 
(Liu et al., 2006; Zhong et al., 2017). These results show that nutrient content in residues 
at the start of the experiment is a major driver for decomposition and nutrient release 
(Sakala, Cadisch and Giller, 2000; Partey, Preziosi and Robson, 2014; Marschner, Hatam and 
Cavagnaro, 2015).

Microbial activity might be important for the incorporation of plant derived carbon 
and nutrients in soil organic matter (SOM). In this experiment, the microbial biomass 
ranged between 0.45 to 28 mg C per kg soil. Microbes can mobilize nutrients during 
decomposition of plant residues, but also as a result of turnover of the microbial biomass. 
In this experiment, the nutrient concentration in the soil mainly increased during the first 
two weeks. As shown by Achat et al. (2010), microbial P is important in the P cycling and 
availability of P for plants. The available P is mainly present in the microbial community 
and this P has a short turnover time of only a few days (Achat et al., 2010). Thus, even 
though the microbial biomass represents a small portion of the soil, it can have large 
influence on nutrient availability. 

Conclusion

In this study, decomposition of mixtures of cover crops and monocultures resulted in 
differences in dynamics of microbial biomass and functional diversity. The microbial 
biomass development in mixtures was more gradual as compared to monocultures. 
Furthermore, the microbial community became more functionally diverse in mixtures as 
shown by a higher ability to degrade substrates in Biolog ECO plates. Mixtures of residues 
did not increase GHG emissions and nutrient availability compared to the average of the 
monocultures. Overall, these results show that adding residue mixtures can lead to more 
balanced soil functioning. Further studies should test whether the microbial community 
will be more diverse in the field when using cover crop mixtures instead of monocultures 
to test if these microcosm results can be extrapolated to field conditions. This will help to 
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determine how long this microbial community will be positively changed due to residues 
of cover crop mixtures. 
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Supplementary

Supplementary Tables

Table S1: Result statistical test of ergosterol (with Anova). Df is degrees of freedom, Sum Sq is sum of squares, 
Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 2.1826 0.311802 8.0318 5.353e-08

Time 5 0.1946 0.038924 1.0026 0.4192

Time*Treatment 7 1.4066 0.050236 1.2940 0.1710

Residuals 146 4.6973 0.038821

Table S2: Result statistical test of the copy numbers of the 16S rRNA gene (with Anova). Df is degrees of 
freedom, Sum Sq is sum of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 1.3584e-13 1.9405e-14 7.0563 4.473e-07

Time 5 1.8413e-13 3.6826e-14 13.3909 2.017e-10

Time*Treatment 28 1.6517e-13 5.8990e-15 2.1450 0.002356

Residuals 123 3.3826e-13 2.7500e-15

Table S3: Calculated microbial biomass C (MBC) in g C per kg soil and fungi:bacteria ratio (F:B) based on 16S 
and ergosterol content in the soil over time. The results of the statistical test are shown in Table S4 and S5.

Time C V R A A+N VRA exp VRA 15sp

0 MBC 0.45±0.07

F:B 0.34±0.09

1 MBC 0.51±0.04 0.49±0.07 0.51±0.11 0.73±0.13 0.69±0.15 0.60±0.04 0.58±0.06 0.61±0.09

F:B 0.29±0.07 0.56±0.29 0.43±0.28 0.39±0.13 0.58±0.19 0.30±0.09 0.42±0.09 0.30±0.06

3 MBC 0.47±0.09 0.56±0.11 28.8±56.3 1.59±0.83 0.53±0.08 0.94±0.59 10.3±18.8 0.70±0.22

F:B 0.34±0.09 1.00±0.34 0.16±0.13 0.10±0.05 0.32±0.06 0.26±0.13 0.18±0.13 0.41±0.35

7 MBC 0.50±0.11 1.00±0.74 0.66±0.19 0.97±0.28 0.72±0.13 2.67±2.89 0.88±0.28 0.71±0.16

F:B 0.29±0.08 0.38±0.20 0.26±0.07 0.18±0.10 0.47±0.37 0.19±0.17 0.24±0.05 0.51±0.39

12 MBC 1.15±0.44 1.90±1.68 0.80±0.28 1.65±0.87 1.12±0.80 0.99±0.26 1.45±0.41 0.88±0.11

F:B 0.10±0.07 0.17±0.09 0.23±0.09 0.32±0.35 0.27±0.11 0.38±0.30 0.17±0.03 0.36±0.24

50 MBC 0.57±0.44 0.67±1.68 0.60±0.28 0.71±0.87 0.61±0.80 0.94±0.26 0.66±0.41 0.70±0.11

F:B 0.20±0.07 0.26±0.09 0.28±0.09 0.34±0.35 0.48±0.11 0.32±0.30 0.28±0.03 0.28±0.24
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Table S4: Result statistical test of the soil microbial biomass C (MBC) (with Anova). Df is degrees of freedom, 
Sum Sq is sum of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 1.9754 0.28220 5.7023 1.031e-05

Time 5 2.4063 0.48127 9.7249 7.923e-08

Time*Treatment 28 1.9986 0.07138 1.4423 0.09049

Residuals 121 5.9881 0.04949

Table S5: Result statistical test of the fungi:bacteria ratio (with Anova). Df is degrees of freedom, Sum Sq is sum 
of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 1.0004 0.142911 4.0883 0.0004628

Time 5 0.4695 0.093897 2.6861 0.0244125

Time*Treatment 28 2.4501 0.087502 2.5032 0.0003126

Residuals 121 4.2297 0.034956

Table S6: Result statistical test of the biolog ECO plates (with Anova). Df is degrees of freedom, Sum Sq is sum 
of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 11389.5 1627.08 20.9820 5.525e-13 

Time 2 83.8 41.92 0.5406 0.58571

Time*Treatment 7 1321.4 188.77 2.4343 0.03126

Residuals 51 3954.9 77.55

Table S7: Summary table RDA biolog ECO plates.

Statistic Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.3413 0.0727 0.0145 0.0099

Explained variation (cumulative) 34.13 41.4 42.85 43.84

Pseudo-canonical correlation 0.8497 0.8269 0.7102 0.6944

Explained fitted variation (cumulative) 75.17 91.18 94.37 96.55
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Table S8: Analysis table of the RDA biolog ECO plates to identify significant contributors to the RDA plot. 
P-adjusted is P value corrected with Bonferroni correction.

Name Explains % pseudo-F P-value P-adjusted

Treatment: C 15.5 10.5 0.002 0.024

Treatment: V 9.6 6 0.002 0.024

Treatment: 15sp 8.2 5.1 0.004 0.048

Treatment: VRA 6.9 4.2 0.014 0.168

Time 6.6 4.1 0.006 0.072

MBC-fungus 5.2 3.1 0.022 0.264

Treatment: A+N 2.7 1.6 0.148 1

Treatment: A 2.5 1.5 0.162 1

MBC 1.5 0.8 0.436 1

Treatment: R 1.4 0.8 0.476 1

F:B 1.2 0.7 0.64 1

MBC-bacteria 1.1 0.6 0.702 1

Table S9: Substrates in Biolog ECO plates as carbon sources for the microbial community. 

Code Substrate Substrate group

A1 Water Blank

A2 β-Methyl-D-glucoside Carbohydrate

A3 D-Galactonic acid γ-lactone Carbohydrate

A4 L-Arginine Amino acid

B1 Methylpyruvate (Pyruvic Acid Methyl Ester) Ester

B2 D-Xylose Carbohydrate

B3 D-Galacturonic acid Carboxylic acid/sugar acid

B4 L-Asparagine Amino acid

C1 Tween 40 Polymer

C2 i-Erythritol Carbohydrate

C3 2-Hydroxybenzoate phenolic compound

C4 L-Phenylalanine Amino acid

D1 Tween 80 Polymer

D2 D-Mannitol Carbohydrate

D3 4-Hydroxybenzoate phenolic compound

D4 L-Serine Amino acid

E1 α-Cyclodextrin Polymer

E2 N-Acetyl-D-glucosamine Carbohydrate

E3 γ-Hydroxy-butyric acid Carboxylic acid

E4 L-Threonine Amino acid

F1 Glycogen Polymer

F2 D-Glucosaminic acid Carboxylic acid
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F3 Itaconic acid Carboxylic acid

F4 Glycyl-L-glutamic acid Amino acid

G1 D-Cellobiose Carbohydrate

G2 Glucose-1-phosphate Phosphorylated compound

G3 α-Ketobutyric acid Carboxylic acid

G4 Phenyl-ethylamine Amide/amine

H1 α-D-Lactose Carbohydrate

H2 D,L-α-Glycerol phosphate Phosphorylated compound

H3 D-Malic acid Carboxylic acid

H4 Putrescine Amide/amine

Table S10: Correlation table between the environmental variables used for the RDA analysis. Lower left part of 
the table are the correlation coefficients. Upper right panel are the P-values of the corresponding correlation.

Time Fungal biomass Bacterial biomass MBC F:B ratio

Time 0.30 0.031 0.024 0.37

Fungal biomass -0.14 0.49 0.082 <0.001

Bacterial biomass -0.28 0.09 <0.001 <0.001

MBC -0.29 0.23 0.99 0.014

F:B ratio 0.12 0.72 -0.43 -0.32

Table S11: Result statistical test of the CO2 emisisons over time (with Kruskal-Wallis rank sum test). Df is 
degrees of freedom.

Chi-squared Df P-value

Treatment 185.76 7 < 2.2e-16

Time 356.99 19 < 2.2e-16

Table S12: Result statistical test of the N2O emisisons over time (with Kruskal-Wallis rank sum test). Df is 
degrees of freedom.

Chi-squared Df P-value

Treatment 186.29 7 < 2.2e-16

Time 246.08 19 < 2.2e-16

Table S13: Result statistical test of the cumulative GHG fluxes (with Anova). Df is degrees of freedom, Sum Sq is 
sum of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 12855295 1836471 35.216 4.041e-11

Residuals 24 1251563 52148

Table S9: Continued. 

Code Substrate Substrate group
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Table S14: Result statistical test of the NO3 content in the soil (with Anova). Df is degrees of freedom, Sum Sq is 
sum of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 15.3757 2.19653 102.2832 <2e-16

Time 2 3.9127 1.95637 91.0997 <2e-16

Time*Treatment 7 0.1087 0.01552 0.7229 0.6532

Residuals 51 1.0952 0.02148

Table S15: Result statistical test of the NH4 content in the soil (with Anova). Df is degrees of freedom, Sum Sq is 
sum of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 0.045870 0.006553 2.2178 0.04784

Time 2 0.085545 0.042772 14.4764 1.049e-05

Time*Treatment 7 0.057577 0.008225 2.7838 0.01568

Residuals 51 0.150686 0.002955

Table S16: Result statistical test of the K content in the soil (with Anova). Df is degrees of freedom, Sum Sq is 
sum of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 3.0723e-05 4.389e-06 74.3937 < 2.2e-16

Time 2 1.3819e-06 6.910e-07 11.7119 6.522e-05

Time*Treatment 7 3.0570e-07 4.370e-08 0.7402 0.6391

Residuals 51 3.0089e-06 5.900e-08

Table S17: Result statistical test of the P content in the soil (with Anova). Df is degrees of freedom, Sum Sq is 
sum of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 3.7357 0.53366 50.7854 < 2.2e-16

Time 2 0.0354 0.01769 1.6831 0.196

Time*Treatment 7 0.6375 0.09108 8.6673 5.745e-07

Residuals 51 0.5359 0.01051

Table S18: Result statistical test of the S content in the soil (with Anova). Df is degrees of freedom, Sum Sq is 
sum of squares, Mean Sq is mean sum of squares.

Df Sum Sq Mean Sq F value P-value

Treatment 7 121.870 17.4100 26.7582 5.524e-15

Time 2 26.083 13.0415 20.0440 3.774e-07

Time*Treatment 7 2.493 0.3561 0.5473 0.7945

Residuals 7 121.870 17.4100 26.7582 5.524e-15
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Supplementary Figures

Figure S1: Microbial functional diversity: number of wells that showed a positive response in Biolog ECO plates 
after incubation of 7 days (mean ± SE; n = 4). 

Figure S2: Cumulative greenhouse gas fluxes of CO2 (A) and N2O (B) (mean ± SE; n = 4). The letters indicate 
significant differences between the treatments. 
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Figure S3: Nutrient content (mg per kg of dry soil) in the soil at the different time points (in days) (mean ± SE; 
n = 4). A: K; B: P; C: S. Letters indicate significant differences between the treatments. The asterisk in B indicate 
significant difference between T12 and T50 of R. In both A and C, all treatments show similar increase over time. 
The results of the statistical test are shown in Table S16, Table S17 and Table S18.
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Figure S4: Correlation table between plant residue nutrient content (C, N, P, C:N, C:P, N:P, K and S), cumulative 
greenhouse gas emissions (N2O, CO2 and GHG based on GWP) and soil nutrient content (N, K, P and S) after 50 
days of incubation. The numbers in the right panel are the correlation values between the parameters (Pearson 
correlation). If this correlation is significant, this is shown with asterisks: * if 0.01<p<0.05, ** if 0.001<p<0.01 and 
*** if p<0.001. The size of the values indicate stronger correlation. 
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Abstract

Organic fertilizers have been shown to stimulate CH4 uptake from agricultural soils. 
Managing fertilizer application to maximize this effect and to minimize emission of other 
greenhouse gasses offers possibilities to increase sustainability of agriculture. To tackle 
this challenge, we incubated an agricultural soil with different organic amendments 
(compost, sewage sludge, digestate, cover crop residues mixture), either as single 
application or in a mixture and subjected it to different soil moisture concentrations 
using different amounts of organic amendments. GHG fluxes and in vitro CH4 oxidation 
rates were measured repeatedly, while changes in organic matter and abundance of 
GHG relevant microbial groups (nitrifiers, denitrifiers, methanotrophs, methanogens) 
were measured at the end of the incubation. Overall the dynamics of the analysed 
GHGs differed significantly. While CO2 and N2O differed considerably between the 
treatments, CH4 fluxes remained stable. In contrast, in vitro CH4 oxidation showed a 
clear increase for all amendments over time. CO2 fluxes were mostly dependent on 
the amount of organic residue that was used, while N2O fluxes were affected more 
by soil moisture. Several combinations of amendments led to reductions of CO2, CH4 
and/or N2O emissions compared to un-amended soil. Most optimal GHG balance was 
obtained by compost amendments, which resulted in a similar overall GHG balance 
as compared to the un-amended soil. However, compost is not very nutrient rich 
potentially leading to lower crop yield when applied as single fertilizer. Hence, the 
combination of compost with one of the more nutrient rich organic amendments 
(sewage sludge, digestate) provides a trade-off between maintaining crop yield 
and minimizing GHG emissions. Additionally, we could observe a strong increase in 
microbial communities involved in GHG consumption in all amendments, with the 
strongest increase associated with cover crop residue mixtures. Future research should 
focus on the interrelation of plants, soil and microbes and their impact on the global 
warming potential in relation to applied organic amendments.

Keywords: Nitrous oxide, Carbon dioxide, Methane oxidation, agricultural soil, organic 
amendment, flux measurements, qPCR
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Introduction 

Recent novel insights led to the postulation that representatives of the newly discovered 
N2O-reducing clade II can possibly turn soils into sinks of N2O (Jones et al., 2014; Domeignoz-
Horta et al., 2015). However, attempts to stimulate soil N2O uptake by inoculation with a 
non-denitrifying nosZ clade II strain lowered the net potential emission but did not turn 
the soil into a sink of N2O (Domeignoz-Horta et al., 2016b). While the soil sink function of 
N2O still has to be verified, CH4 uptake can be found in several soils thereby contributing 
to cooling side of the GHG balance, representing 6% of the total global methane sink 
(Kirschke et al., 2013; Tian et al., 2016). However, fertilizer effects on the CH4 sink function 
in agricultural soils have received far less attention as compared to wetlands and well-
aerated non-agricultural soils. This is due the very low or negligible methane uptake 
capacity in these soils as compared to grassland and upland forest soils (Mosier and 
Delgado, 1997; Veldkamp, Koehler and Corre, 2013; Ciais et al., 2014). By converting natural 
soils into agricultural soils, up to a seven fold reduction of CH4 consumption was detected 
(Levine et al., 2011), taking up to 80 years to recover to pre-land use change levels. It has 
been demonstrated that the decrease in methane uptake in agricultural soils is due to the 
destruction of the soil physical structure (e.g. plowing, soil compaction), disrupting the 
methane gradients in the soil, which are proposed to be crucial for high affinity atmospheric 
methane oxidation. Next to this, other agricultural practices (e.g. fertilization) have been 
demonstrated to have detrimental effects on atmospheric methane uptake (Bender 
and Conrad, 1992; Boeckx, Van Cleemput and Villaralvo, 1997; Hiltbrunner et al., 2012). 
However, a recently published study (Ho et al., 2015a) demonstrated strongly enhanced 
methane uptake rates after the addition of different organic amendments (e.g. compost, 
sewage sludge), to different agricultural soils. The observed rates of uptake were even 
comparable to the ones from well-aerated forest soils. Shackley and colleagues observed a 
similar effect upon addition of biochar which improved the GHG balance by reducing N2O 
and CH4 emissions from soil (Shackley et al., 2016). These findings are further supported 
by another study which showed that the use of organic fertilizers (in this case biochar 
and compost) influence microbial processes which resulted in alterations of soil nutrient 
cycles thereby affecting agricultural properties (Ye et al., 2016). Furthermore, the addition 
of plant-derived C compounds from external sources such as biochar or composts can 
increase soil C availability and may result in higher net CO2 removals from the atmosphere 
(Paustian et al., 2016) thereby lowering the global warming potential (GWP) (Järveoja et 
al., 2016). Compared to fresh organic residues, mineralization of compost is slower after 
addition to soil, leading to a several fold greater mean residence time (Ryals et al., 2015). 
Ho and colleagues (2015a) postulated that a well-balanced mix of different fertilizers 
could have a positive effect on GHG balance considering the creation of conditions for 
methanotrophs to take up atmospheric methane while at the same time keeping carbon 
dioxide and nitrous oxide emissions to a minimum by providing a greater variety of C- and 
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N-compounds to the microorganisms. However, not all organic fertilizers are suitable to 
serve this purpose, since in single application only a few organic residues showed the 
capability to increase soil CH4 uptake and keep CO2 and N2O emissions to a minimum (Ho 
et al., 2017b). However, to develop a strategy to reduce GHG emission from agricultural 
soils without decreasing crop yield requires understanding of the underlying mechanisms 
of how organic fertilizers influence GHG. This study aims to answer the following research 
questions: What is the influence of a combination of organic amendments (compost, 
digestate, sewage sludge and cover crop residues) on the GWP of agricultural soils? We 
hypothesize that methane uptake is stimulated while CO2 and N2O emissions are kept to a 
minimum compared to un-amended soil by application of mixes of organic amendment 
and mineral fertilizers. We test these hypotheses by performing soil incubations with 
various combinations of organic and mineral fertilizers and following GHG dynamics as 
well as soil chemistry and microbial functional gene abundance. 

Material & Methods

Site description, soil sampling, and residues
The soil was collected in May 2017 at the research station of Wageningen University in 
Lelystad, the Netherlands (52˚32’26.4”N, 05˚33’34.7”E) representing a clay soil. The field 
was planted with onions and left fallow after harvest before sampling. Previously, soil 
physical-chemical properties have been determined (Ho et al., 2015a). The upper 10 cm 
of the soils was collected in May 2017 from 1m x 1m using a shovel. The soil was air-dried 
at room temperature before being sieved (2 mm). The residues included in this study 
comprised materials with a broad C:N ratio ranging from 4.85 – 22.39 (Table 1) and were 
selected based on their CH4 uptake performance (compost and sewage sludge) (Ho et 
al., 2015a) or their common usage as bio-based additives in agricultural soil. The residues 
were air-dried at 30°C, the sewage sludge (S), digestate (D) and the cover crop residues 
(in the following referred to as CC residues) powder mixture were crushed and ground (< 
2 mm) (Jaw Crusher Type BB-1/2, Aartselaar, Belgium). Both composts (C1 and C2) were 
broken down and sieved (< 6 mm), while the CC residues were cut with a scissor to smaller 
pieces (< 3 - 5 cm). Both the dried soils and residues were thoroughly mixed and sieved as 
per treatment prior to setup of the experiment to ensure standardized initial incubation 
conditions.
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Table 1. Amendment description, total C and N contents of amendment and soil.

Soil/residues Total C
(µg C mg dw 
sample-1)

Total N
(µg C mg dw 
sample-1)

C:N Description (Source/location)

Soil 16.44
± 0.34

1.12
± 0.07

14.76 Clay soil from an agricultural field with onions 
as the last crop. (Lelystad, The Netherlands)

Sewage Sludge 202.74
± 12.82
41.81
± 1.80

4.85 Sampled from an anaerobic digester after 
sludge thickening
(Vallei Veluwe, The Netherlands)

Digestate 290.07
± 14.14

24.59
± 1.64

11.82 Residue product of biogas formation from 
manure. (ACRRES, The Netherlands)

Compost1 145.68
± 39.07

11.08
± 2.19

13.04 Mature compost derived from organic 
materials e.g. plant clippings and grass. (Attero, 
The Netherlands)

Compost2 118.40
± 13.77

6.25
± 0.65

18.96 Van Iersel fungal dominant humic compost. 
Basic ingredient is wood shreds. (Soiltech, The 
Netherlands)

CC residue mixture 347.02
± 15.78

15.50
± 1.78

22.39 Consist of Brassica carinata, Trifolium 
incarnatum, Secale cereal collected from 
a field in November 2016. (Joordens, The 
Netherlands)

Experimental setup for in situ GHG flux measurements
The soil (200 g dry weight) and residues were mixed with a spoon in a pot and put in an 
incubation bottle (500 mL volume); deionized water was added to 65% or 40% of soil 
water holding capacity, respectively. The residue addition to the soil corresponded to 
a rate of either 20-ton ha-1, which is typically used in agricultural practice (Diacono and 
Montemurro, 2010), or 5-ton ha-1, which is the maximum amount of cover crop biomass 
incorporated in agricultural fields in spring. Incubation was performed using three 
replicates for each treatment in a climate chamber at 15 °C (mean annual temperature 
in the Netherlands is 10 °C) in the dark for approximately one month (for 28 days). Water 
loss, measured by weight, was compensated weekly. Periodically (0, 1, 3, 7, 14, 21, 28d) 
methane, nitrous oxide and carbon dioxide fluxes were measured under ambient air by 
closing the bottles tightly with a lid for three hours and measuring directly after closing, 
after 1.5h and after 3h. At every time point 20 mL of the headspace was withdrawn and 
stored in exetainers (5.9 mL) vials (Labco Limited, Lampeter, UK). The first 8ml of sample 
was used to flush the exetainer, followed by 12ml sample introduced into the exetainers 
creating a 2 bar overpressure. Introduction of the sample (1ml) into the GC was by an 
autosampler (TriPlus RSH, Thermo Fisher Scientific, Bleiswijk, The Netherlands) connected 
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to a gas chromatograph (GC1300, Thermo Fisher Scientific) equipped with a Methanizer 
and a Flame Ionization Detector (FID) to detect CH4 and CO2, an electron capture detector 
(ECD) for detection of N2O and two sets of a pair Rt-Q-Bond capillary columns (L; 15m and 
30 m, ID; 0.53 mm, Restek, Interscience, Breda, The Netherlands). Helium was used as a 
carrier gas, and oven temperature was set at 80 °C. Five different concentrations of CH4 
(0.1, 0.2, 0.6, 1.2, 2 ppm), CO2 (100, 200, 600, 1200, 2000 ppm) and N2O (0.05, 0.1, 0.3, 0.6, 1.0 
ppm) from a gas mixture (2 ppm CH4, 2000 ppm CO2, 1 ppm N2O) (Linde AG, Velsen-Noord, 
The Netherlands) were used as a standard. If higher concentrations of CO2 and N2O were 
measured, additional single gas calibration gases (Linde AG) of the respective gases (CO2: 
4000 and 10000 ppm; N2O: 10 and 100 ppm) were used. Chromeleon™ Chromatography 
Data System 7.1 (CDS, Thermo Fisher Scientific) Software was used to analyse the obtained 
gas chromatograms from the GC and was used to calculate the standard curves. The gas 
flux rates were determined by linear regression from the three time points. All fluxes with 
a R2<0.70 were discarded. 

Measuring methane oxidation and organic matter 
To determine near atmospheric soil methane emission or uptake under influence of the 
different amendments after 7, 14, 21 and 28d, the bottles were closed for 6 days and 
~10 ppm CH4 was added to the headspace. CH4 decrease was measured every day in 
duplicates from each bottle using an Ultra GC gas chromatograph (Interscience, Breda, The 
Netherlands) equipped with a Flame Ionization Detector (FID) and a Rt-Q-Bond (L; 30 m, 
ID; 0.32 mm, Restek, Interscience) capillary column. Helium was used as a carrier gas, and 
oven temperature was set at 80 °C. Chromeleon™ Chromatography Data System 7.1 (CDS, 
Thermo Fisher Scientific) Software was used to analyse the obtained gas chromatograms 
from the GC.

Sample storage and soil organic matter measurements
After finishing the incubation ~10 g of soil samples were stored at -20 °C for later 
DNA extractions. Another ~50 g of soil was dried at 30 °C and stored for soil nutrient 
determination. To measure the soil organic matter content after incubation, 10-15 g of 
soil was dried in a porcelain cup at 105 °C for one day. Afterwards, the dried sample was 
burned in an oven at 430 °C for another day, both times the sample was weighed. To 
calculate the organic matter content per g 100g-1 dry soil the following formula was used: 
100 * (g dry soil – g ashed soil) / g dry soil. 

DNA extraction and qPCR assays
DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, Venlo, The Netherlands) 
according to manufacturer’s instruction. We performed qPCR assays targeting amoA for 
ammonium oxidizing Achaea (AOA) and bacteria (AOB), nifH (N-fixers), nosZ clade I/II 
(denitrifiers), mcrA (methanogens), pmoA (methane oxidizers), 16S rRNA gene for Archaea 
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and Bacteria as well as the 18S rRNA gene of fungi. Each assay was performed in duplicate 
for each DNA extract with primers, primer concentration, and PCR profiles as shown in 
Supplementary Table 1. Briefly, each qPCR (total volume 20 µl) for all assays consisted of 
10 µl 2× SensiFAST SYBR (BIOLINE, Alphen aan den Rijn, The Netherlands), 1 µl of forward 
and reverse primers each (10 pmol µl-1; Sigma-Alderich, Zwijndrecht, The Netherlands), 1 
µl bovine serum albumin (5 µg µl-1; Invitrogen, Breda, The Netherlands), 4.5 µl DNase- and 
RNase-free water and 2.5 µl diluted template DNA. The qPCR for the EUBAC (bacterial 16S 
rRNA gene) assay (total volume 15 µl) consisted of 7.5 µl 2× SensiFAST SYBR (BIOLINE), 
0.75 µl of forward and reverse primers each (5 pmol µl-1; Sigma-Alderich), 1.5 µl bovine 
serum albumin (5 µg µl-1; Invitrogen), 1.5 µl DNase- and RNase-free water, and 3 µl diluted 
template DNA. Standard curves were obtained using serial 10-fold dilutions of a known 
amount of plasmid DNA from different pure cultures representing the target gene 
fragment (108 to 101 gene copies) containing the respective gene fragment. The qPCR was 
performed with an iCycler IQ5 (Applied Biosystem, Carlsbad, CA, USA). Negative controls 
were always run with water instead of template DNA. PCR reactions were done with 1:20 
and 1:60 diluted DNA extracts. Amplification efficiencies for all assays were between 79-
98 % with R2 values between 0.969 and 0.995. Amplicon specificity was inferred from the 
melt curve.

Statistical analyses of collected data
All statistical analyses were done using R version 3.0.1 (R Development Core Team, 2013). 
The mean total GHG fluxes, the GWP, the organic matter loss and abundance of the 
different functional marker genes were tested for normality by Kolmogorov-Smirnov test 
and for homogeneity of variance by Levene’s test. If necessary, normal distribution was 
achieved by log-transformation of the data. Treatment effects and differences between 
means were assessed using one-way ANOVA followed by Tukey’s post hoc test. All levels 
of significance were defined at p<0.05

Results

GHG flux measurements
The fluxes of the three major GHG (CH4, CO2, N2O) from the soils amended with the organic 
amendments were measured continuously through the experiment at different level of 
SM and different applied concentrations of organic amendments. An overview about 
values of the different GHG as well as the calculated GWP100yr for the different samples is 
shown in Table 2.
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CH4

The CH4 flux measurements under 65% SM (Supplementary Figure 1A-B) showed variation 
over time considering uptake or emission of CH4. Both amounts of organic amendments 
applied (5 and 20 t/ha) led to similar fluxes during the incubation without fluctuation. 
However, total CH4 fluxes (Figure 1A-B) varied between treatments, mostly releasing CH4 
over time irrespective of the amount of organic amendment used. Only three amendments 
(digestate, D + C2, S + C1 at 20 t/ha) led to increased methane uptake. Under 40% SM, 
minor fluctuations in CH4 fluxes over time were detected with both organic amendment 
amounts (Supplementary Figure 1C-D). Calculated mean cumulative CH4 fluxes (Figure 
1C-D) demonstrated that all samples emitted CH4 during the incubation. 

Figure 1. Mean total CH4 emitted or consumed over the period of 28d in un-amended clay soil and 
after amendments with compost1, compost2, CC residues mixtures, digestate, digestate+compost1, 
digestate+compost2, sewage sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) at (A) high 
amount (20 t/ha) and high water content (65%), (B) low amount (5 t/ha) and high water content, (C) high amount 
and low water content (40%) and (D) low amount and low water content, derived from the cumulative CH4 
(Supplementary Figure 1) fluxes. Asterisk (*) indicate significant differences in the mean total CH4 fluxes between 
the soils with organic amendments and the un-amended soil within the four separate superordinate treatments 
(ANOVA: P value < 0.05). 

CO2

Measured CO2 fluxes under 65% SM (Supplementary Figure 2A-B) showed the same trends, 
irrespective of the amounts of organic amendment applied. Highest CO2 fluxes were 
observed for cut and powdered cover crop residues, respectively, followed by digestate 
and the sewage sludge + compost 2 combination. Independent of the amount applied, cut 
as well as powdered CC residues continuously released CO2 over the complete incubation. 
Both types of compost led to the lowest CO2 fluxes among the organic amendments used 
and were comparable or lower than the CO2 fluxes of the un-amended soil. The mean 
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cumulative CO2 fluxes (Figure 2A-B) reflect the dynamics of the CO2 fluxes over time and 
treatments (Supplementary Figure 2A-B). Highest CO2 emissions were observed for cut 
CC residue material, followed by powdered CC residue, digestate and the sewage sludge 
amendments. This was true for both tested amounts. Highest CO2 fluxes under 40% SM 
were always observed for cut CC residue material followed by powdered CC residues, 
digestate and the two sewage sludge treatments (Supplementary Figure 2C-D). While 
high amounts of CC residues showed emission of CO2 over the whole incubation period, 
no emissions were detected after 21d with low amounts. Similarly, cumulative CO2 fluxes 
(Figure 2C-D) were always lower with lower amounts of organic amendments, the extent 
of which differed between the type of organic amendment. While both cover crop residue 
treatments were 4-5 fold higher, all other organic amendments were only 1.4-2.7 fold 
higher when 20 t ha-1 was applied. 

Lower SM always lead to lower CO2 fluxes when same amounts organic amendments were 
applied. 

Figure 2. Mean total CO2 emitted over the period of 28d in un-amended clay soil and after amendments with 
compost1, compost2, CC residues mixtures, digestate, digestate+compost1, digestate+compost2, sewage 
sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) at (A) high amount (20 t/ha) and high 
water content (65%), (B) low amount (5 t/ha) and high water content, (C) high amount and low water content 
(40%) and (D) low amount and low water content, derived from the cumulative CO2 (Supplementary Figure 2) 
fluxes. Asterisk (*) indicate significant differences in the mean total CO2 fluxes between the soils with organic 
amendments and the un-amended soil within the four separate superordinate treatments (ANOVA: P value < 
0.05).

N2O
Both sewage sludge combinations showed the highest N2O flux rates at 65% SM, regardless 
of the applied amounts of organic amendments, followed by digestate and cut CC residue 
material (Supplementary Figure 3A-B). Both composts, as well as the un-amended soil, 
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showed almost no N2O fluxes. In general, 20 t ha-1 led to higher overall measurable N2O 
fluxes. These findings are also underlined by the cumulative N2O fluxes (Figure 3). The N2O 
fluxes of both sewage sludge combination, digestate, digestate + compost 1 and both CC 
residue mixtures were 2-4-fold lower with 5 t ha-1. The digestate + compost 2 amendment 
showed a 13-fold reduction, while the un-amended and both single compost applications 
did not lead to any N2O emission at all. After 14d of incubation both combinations of 
digestate with compost at an application rate of 5 t ha-1 resulted in lower N2O emissions.

Only low N2O emissions were detected at 40% SM (Supplementary Figure 3C-D). All 
organic amendments applied at a rate of 5 t ha-1 showed no N2O emissions during the 
complete incubation period while at 20 t ha-1 only small amounts of N2O were released in 
the first 14d of incubation. After 14d both CC residue amendments (cut and powdered) 
showed a rapid increase in N2O emissions, which peaked at day 21. After 28d the cut CC 
residues still released N2O from the soil, while the powdered CC residue enabled soil N2O 
uptake from this point onward.

Figure 3. Mean total N2O emitted over the period of 28d in un-amended clay soil and after amendments with 
compost1, compost2, CC residues mixtures, digestate, digestate+compost1, digestate+compost2, sewage 
sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) at (A) high amount (20 t/ha) and high 
water content (65%), (B) low amount (5 t/ha) and high water content, (C) high amount and low water content 
(40%) and (D) low amount and low water content, derived from the cumulative N2O (Supplementary Figure 3) 
fluxes. Asterisk (*) indicate significant differences in the mean total N2O fluxes between the soils with organic 
amendments and the un-amended soil within the four separate superordinate treatments (ANOVA: P value < 
0.05).

GWP analyses
We derived the GWP in mg CO2 equivalent per kg soil (IPCC, 2007) by combining the 
cumulative CH4, CO2 and N2O flux (Supplementary Figs. 1-3). In these calculations, the 
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GWP value for CH4 and N2O are considered to be 28 and 265, respectively over a hundred- 
year time frame, while the GWP value for CO2 is considered to be 1 (IPCC, 2013). 

The GWP values showed similar trends as the cumulative CO2 fluxes, irrespective of the 
SM and amount of organic amendment (Figure 4). Notably, compost1 and 2 treatments 
led to lower GWP as compared to un-amended soil with low amounts applied under 40% 
SM. (Fig 4). 

Figure 4. Mean global warming potential (GWP) over the period of 28d in un-amended clay soil and 
after amendments with compost1, compost2, CC residues mixtures, digestate, digestate+compost1, 
digestate+compost2, sewage sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) at (A) high 
amount (20 t/ha) and high water content (65%), (B) low amount (5 t/ha) and high water content, (C) high amount 
and low water content (40%) and (D) low amount and low water content, derived from the cumulative CH4 
(Supplementary Figure 1), CO2 (Supplementary Figure 2) and N2O (Supplementary Figure 3) fluxes. Asterisk (*) 
indicate significant differences in the GWP between the soils with organic amendments and the un-amended 
soil within the four separate superordinate treatments (ANOVA: P value < 0.05).

CH4 fluxes after addition of 10 ppm CH4

CH4 fluxes after the addition of 10 ppm CH4 at multiple times, did not differ significantly 
between the four major treatments irrespective of SM and organic amendment rate 
applied. (Supplementary Figure 4). The fluxes in most cases vary between 0 and -0.003 
µmol m-2 min-1, which can be referred to as CH4 uptake. At the last sampling point the 
amendment with compost2 at 40% SM and 5 t ha-1 increased to an uptake of -0.008 µmol 
m-2 min-1, which was the highest uptake measured. However, most organic amendments 
improve their CH4 uptake over time.

Organic matter 
When low amounts of organic amendment are applied at 65% SM, the organic matter 
loss is constant through all treatments ranging from -0.4 to -0.6% loss of the original 
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OM content which was around 2.5 to 3% (Figure 5). At high concentration of organic 
amendments the loss of OM is lower being around -0.4% with exception of the cut CC 
residue amendment, resulting in 1.4% loss in organic matter. In general incubations at 
40% SM lost more organic matter than their counterpart at 65% SM (Figure 5). The lowest 
losses were observed for digestate, compost1 and D+C1 with a loss of ~ -0.55%. These 
organic amendments are followed by compost2, D+C2, S+C1 and S+C2 with a loss of -0.8 
to -1.0% organic matter content. The highest loss could be observed for cut and powdered 
CC residue mixture with -1.2% and -1.4%, respectively.

Figure 5. Loss in organic matter content during the incubation period of 28d in un-amended clay soil and 
during amendments with compost1, compost2, CC residues mixtures, digestate, digestate+compost1, 
digestate+compost2, sewage sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) at (▲) high 
amount (20 t/ha) and high water content (65%), (■) low amount (5 t/ha) and high water content, (◊) high amount 
and low water content (40%) and (●) low amount and low water content. 

Abundance analyses of microbial groups 
To assess changes in the abundance of the microbial communities, the ratio was calculated 
between gene copy numbers of the analysed genes in the initial soil and at the end of the 
incubation. The individual gene copy numbers of all samples analysed can be found in 
Sup Table 2 and 3.
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The overall bacterial abundance stayed either stable or increased over time (Figure 6A), 
with high amounts of CC residues leading to the highest stimulation in abundance (4-7 
fold). All other organic amendments at high application rate led to at least to a doubling of 
bacterial numbers, while numbers in the un-amended remained constant. When applying 
low amounts of organic amendments, microbial abundances did not change in any of the 
treatments. 

In contrast to the bacterial abundance, archaea communities either remained stable or 
decreased over the time (Figure 6B). Typically, all digestate combinations, both composts 
and sewage sludge combinations at high application rate did not lead to change in 
archaeal abundance, while it decreased in all other treatments. 

Overall, fungal abundance was rather constant during the incubation (Figure 6C). However, 
the cut CC residue mixture led to a 15- and 5-fold increase in fungal abundance at high 
and low organic amendment application rate, respectively while the 20 t ha-1 powdered 
CC residue treatment increased around 3-fold. Compost 2 at low application led a 10-fold 
in increase. All other treatments at high application rate did not lead to change in fungal 
abundance. 

For most of the functional marker genes there was no change in the un-amended soil, 
except for a decrease of AOAs and a doubling of nosZ clade II (Figure 7).

Both nosZ clades showed an increase in abundance, in all organic amendment-
treatments, irrespective of the application rate (Figure 7A-B). While the two clades with 
low amendments increased mainly between 1.2-2.5-fold, a 2-7-fold increase was observed 
with 20 t ha-1. The highest increase occurred in the incubation with cut CC residue material 
with 28-fold in nosZ clade I. In general, the nosZ clade II was 10- to 100-fold more abundant 
than nosZ clade I (Supplementary Table 2).

At low application rates organic amendments had no effect on the bacterial amoA 
abundance (Figure 7C). At high concentrations, the cut CC residue, both sewage sludge 
combinations and all treatments with digestate lead to an increase in bacterial amoA of 
2-8-fold (Figure 7C). 

In contrast to the abundance of the bacterial amoA, archaeal amoA abundance decreased 
in all organic amendment-treatments (Figure 7D). The strongest decrease was observed 
for the digestate and sewage sludge combinations with both composts, which decreased 
3-4-fold in both applied concentrations. In all compost, CC residue and digestate 
amendments AOA gene copy numbers were 2- to 10-fold higher than for AOBs. This is 
contrast with the sewage sludge treatments, which at low amendment led to higher 
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numbers of AOA, whereas AOBs showed a 2- to 4-fold higher abundance at high organic 
amendment (Supplementary Table 2).

The abundance of N-fixers in the cut and powdered CC residue mixture increased in 
the application with 20 t ha-1 by 3- and 6-fold, respectively (Figure 7E). The only other 
treatment with a positive effect on the abundance of nifH was the sewage sludge + 
compost 2 amendment, which showed an increase of approximately 3-fold. 

The methanogenic abundance did not changed for both cover crop treatments, but 
increased 3-fold for compost1, 5-fold for sewage sludge+compost1 and between 10 to 
14-fold for the remaining organic amendments at high rates of application while at low 
rates mcrA gene abundance stayed stable (Figure 7F). 

Gene copy number of methanotrophs (pmoA) increased for all samples with 20 t ha-1, 
except in the digestate amendment, in which no differences to un-amended soil were 
reported (Figure 7G). The compost2 amendment and the combination with compost2 
showed the strongest effect on the copy numbers with a 4- to 6-fold increase. Low organic 
amendment application rates only showed minor positive effects on the abundance of 
methanotrophs. 

The abundance of the two CC residue amendments at low SM and high organic 
amendment application behaved very similar for all analyzed genes (Supplementary 
Table 3). The abundance of the archaeal 16S rRNA gene and archaeal amoA dropped by 
2-fold, while it stayed stable for nifH, mcrA and pmoA. A 5-fold increase was observed for 
the fungal 18S rRNA gene and nosZ clade I for the cut CC residues, while the powder led to 
a 3- and 2-fold increase, respectively. nosZ clade II numbers increase for both CC residue 
materials around 3-fold. While the cut CC residue material resulted in a 2-fold increase for 
the bacterial 16S rRNA gene and the bacterial amoA, the powdered CC residue material 
did not show a change for these two genes. 
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Figure 6. Ratio of the copy numbers of (A) bacterial 16S rRNA gene, (B) archaeal 16S rRNA gene and (C) 
fungal 18S rRNA gene after and before an incubation of un-amended clay soil and during amendments with 
compost1, compost2, CC residues mixtures, digestate, digestate+compost1, digestate+compost2, sewage 
sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) for 28d. Asterisk (*) indicate significant 
differences in the ratio of the individual genes in the soils with organic amendments and the un-amended soil 
within the four separate superordinate treatments (ANOVA: P value < 0.05).
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Figure 7. Ratio of the copy numbers of the functional marker genes (A) nosZ clade I, (B) nosZ clade II, (C) bacterial 
amoA, (D) archaeal amoA, (E) nifH, (F) mcrA and (G) pmoA after and before an incubation of un-amended clay 
soil and during amendments with compost1, compost2, CC residues mixtures, digestate, digestate+compost1, 
digestate+compost2, sewage sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) for 28d. Asterisk 
(*) indicate significant differences in the ratio of the individual genes in the soils with organic amendments and the 
un-amended soil within the four separate superordinate treatments (ANOVA: P value < 0.05).
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Discussion

In this study, we investigated the influence of combinations of organic amendments on 
the GHG balance and the CH4 uptake as well as on dynamics of different soil microbial 
groups that are involved in producing or reducing GHGs in agricultural soil. Several 
combinations of amendments led to reductions of CO2, CH4 and/or N2O emissions 
compared to un-amended soil. Most optimal GHG balance was obtained by compost 
amendments, which resulted in similar overall GHG balance as compared to the un-
amended soil. Additionally, we could observe a strong increase in microbial communities 
involved in GHG consumption in all amendments, with the strongest increase associated 
with cover crop residue mixtures. 

GHG dynamics and GWP in relation to different organic amendments 
and manipulation of soil moisture

CH4

We did not observe significant uptake of CH4 in any of our samples except for digestate 
(D), D+C2, S+C1 at high SM and high application rate, which led to CH4 uptake over the 
complete incubation period (Figure 1). However, the in vitro methane uptake capacity at 
near atmospheric (i.e. 10ppm) methane concentrations increased in all samples over time. 
As proposed by Ho et al. (2015a), it seems that the methanotrophic community needs 
elevated methane to gear up the enzyme machinery. A similar result was found in rice 
soils where high methane concentration spikes were necessary to induce atmospheric 
methane uptake (Cai et al., 2016). Especially the 5 t ha-1 compost2 treatment under 40% 
SM showed a very strong improvement in CH4 uptake at the end of the incubation. 
Potentially, the release of rare earth metals (e.g. La, Ce, Nd), which are stored in the 
compost (La ~ 2.2 µg g-1; Ce ~ 3.8 µg g-1; Nd ~ 2.2 µg g-1 (El-Ramady, 2011)) stimulated 
the CH4 uptake (Keltjens et al., 2014). Recent studies found that for some methanotrophs 
rare earth metals are essential as cofactors in the active center of an alternative methanol 
dehydrogenase (Keltjens et al., 2014; Pol et al., 2014; Shiller et al., 2017). Furthermore, it 
was shown that the La-dependent methanol dehydrogenase can also be more efficient 
hydrolytic catalysts because they are stronger Lewis acids (electrophilic electron acceptor) 
than the Ca dependent one (Lim and Franklin, 2004). This La-dependent methanol 
dehydrogenase which can also be found in the newly isolated atmospheric CH4 oxidizer 
belonging to the USCα cluster (Pratscher et al., 2018). However, all studies with rare earth 
metals and their effect on CH4 oxidation were performed in liquid cultures. Another 
possible explanation for the increase in CH4 oxidation rates at the end of the incubation 
in compost2 incubations, could be its relatively low C- and N-content in comparison to 
the other organic amendments. This could lead to higher amounts of essential substrates 
(O2) or lower amounts of inhibiting compounds (e.g. NH4

+) for methane oxidation (Conrad 
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and Rothfuss, 1991; Bender and Conrad, 1992; Malyan et al., 2016). In contrast, the 
higher amount of C- and N-compounds in the other organic amendments could result 
in a reduced or delayed start of CH4 oxidation. Furthermore, it is known that compost 
could lead to an increase in the soil’s cation binding capacity (Epstein, Taylor and Chaney, 
1976), leading to lowering of the availability of ammonium ions, potentially inhibiting the 
particulate methane monooxygenase (Singh and Seneviratne, 2017).

CO2

The first addition of water induced a direct emission of CO2 from the soil in samples 
with organic amendments. The extend of these CO2 emissions is strongly dependent 
on the amendment used. The lowest CO2 emissions were obtained with both compost 
amendments, showing similar values as the un-amended soil, where the fungal based 
compost emitted less CO2 than the compost from green cut materials (Table 2). The 
reason for this could be a low total C concentration together with not easily degradable 
C-compounds (Ryals et al., 2015). Based on this it seems that the different material of the 
compost can contribute better or worse to reducing GHG, which would need further 
analyses. 

The decrease respiration in organic matter added through the experiment did not correlate 
with most of the CO2 fluxes. Only the CO2 fluxes under moist conditions (R2=0.633) and 
high amount of organic amendment (R2=0,783) correlated with the decrease of organic 
matter. This is in accordance with our previous study (Ho et al., 2017b), demonstrating 
that C:N alone is not a good predictor of amendment effects on GHG fluxes. In this 
study, the organic amendment with the highest C:N ratio was the fungal based compost 
which showed the lowest measurable CO2 fluxes of all organic amendments. However, 
the highest measured CO2 fluxes were emitted by both CC residue mixtures which 
indeed have the second highest C:N ratio. We observed a correlation between the total 
C concentration measured in the organic amendments and the CO2 fluxes. The quality 
and composition of the amendments, seem to be more important for influencing the 
CO2 fluxes. For example the sewage sludge+compost2 amendment has the same total 
C-content as compost1, but emitted 4-fold higher CO2 fluxes. In accordance with this, 
digestate has a lower total C concentration compared to CC residue material, but emitted 
15-fold less CO2. One explanation is that the digestate is not as easily degradable as the 
plant material for the microorganisms, since its origin is already anaerobically digested 
manure. It was already shown that CO2 respiration from digestate is highly dependent on 
the initial source from which the digestate is produced, which led to a broad range of CO2 
respiration rates (Alburquerque, de la Fuente and Bernal, 2012). According to our results, 
this statement can be extended to a variety of organic amendments.
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Surprisingly, we saw a second peak of increased CO2 emission after 21d in almost all 
treatments. This may be explained by the fact after 14d substrates which are more difficult 
to degrade are reduced to a more accessible form of shorter chain molecules. Succession 
in microbial community composition may be involved which can take place in just a short 
period of time (13-15d) following amendment with organic residues as shown by Ho et al. 
(2017b). Additionally, changes in soil parameters (e.g. O2 availability, N availability) may 
cause a second phase of CO2 respiration due to alleviation of initial limitations. 

N2O
Surprisingly, the highest N2O fluxes were not observed from the N richest organic 
amendment (digestate), but from the combinations of sewage sludge with compost, 
followed by the CC residue mixtures (Table 2). Hence, the N2O emission is not only 
depending on the N-content of the organic amendments, but also in which form the 
N-source is provided to the microorganisms. These observations are similar to our findings 
of the relatively weak correlation between C-content and CH4 / CO2 fluxes. Additionally, 
we could not find any correlation of C:N or C-content to N2O fluxes (data not shown). 
Contrary to a recent study we also did not observe a linear relation between N fertilization 
and N2O emission (Shcherbak, Millar and Robertson, 2014) in a study where all soil and 
environmental parameters were kept stable. 

Only in case of the high organic amendment application, we observed a second N2O flux 
peak after 21d of incubation. In these incubations, the existing input of fresh N through 
the organic amendments was probably already processed and either turned into gaseous 
N, microbial N or remains in refractory form. The microbial biomass or refractory N may 
release ammonium by mineralization, but this may take more time explaining the temporal 
pattern observed. Another explanation may be that the soil parameters changed and 
stimulated the production of N2O again (e.g. through more anoxic zones). The results of 
the abundance analyses from these samples (Supplementary Table 3) revealed a strong 
increase of fungi in these samples, which could be causing the observed N2O production 
in our incubations. Fungi are known for possessing denitrification genes to produce N2O, 
but as yet have not been demonstrated to harbor N2O-reductase gene (Takaya, 2002; 
Shoun et al., 2012). It was also shown that denitrifying fungi already prefer drier conditions 
than denitrifying bacteria (Chen, Mothapo and Shi, 2015a). Additionally, since a SM of 40% 
normally does not favor denitrification processes (Dijk, Ball and Skiba, 2002; Bateman and 
Baggs, 2005), changes in soil structure or chemistry (e.g. pH, O2 availability, aggregate 
composition) could have occurred leading to ‘hotspots’ of N2O production as proposed 
to be responsible for local, temporary high denitrification activity (Groffman et al., 2009).

The water content has a more pronounced influence on the N2O emission than on the CH4 
and CO2 fluxes. At low SM almost no N2O emission was detected. Since high SM reduces 
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O2 availability and gas diffusivity and therefore will favor denitrification (Dijk, Ball and 
Skiba, 2002), it can be assumed that in our incubation denitrification processes are the 
main source of N2O production. It was already observed in other studies that an increasing 
SM led to an increase of N2O production by denitrification (peak above 65% water-filled 
pore space), since the optimal SM concentration for nitrification peaks at around 55-65% 
water-filled pore space (Bateman and Baggs, 2005; Vargas et al., 2014; Sanz-Cobena et 
al., 2016, p. ). Contrary to this, the high amount of CC residue mixtures showed a strong 
increase in N2O emission at a low SM (Figure 4) just after 15d. Even more surprising was the 
uptake of N2O after 28d for the powdered CC residue mixture. This can either be caused 
by the high concentrations of N2O stimulating N2O reducers, or by a change in the soil 
characteristics (e.g. pH, O2 availability). Growth of fungi, which occurred in the CC residue 
bottles after some days of incubation, could also increase production of N2O activating 
the N2O-reducing community in the soil. It was shown recently that through application 
of plant residues, hotspots of N2O emission can occur, by enhanced water absorption 
from the plant residues which will lead to reduced O2 concentrations in the surrounding 
(Kravchenko et al., 2017). Combined with mineralized N and fungal growth this could 
explain the N2O peak caused by CC residues. To our knowledge this is the first time that 
such a behavior of N2O emission/consumption was observed after applying crop residues 
to the soil. More studies that confirm these results need to be conducted in the future. 

Abundance of microorganisms in relation to GHG fluxes and organic amendment 
application
Microbial dynamics following application of organic amendments clearly offers scope for 
modulating functional groups involved in consumption of GHGs. In this light, the CC residues 
materials showed the best results, by increasing the abundance of the denitrifiers (nosZ), 
methanotrophs (pmoA) and nitrogen fixers (nifH) genes, while only moderately increasing 
the nitrifiers (AOB) and methanogens (mcrA). This could be either through the introduction 
of microbes already present in the organic amendments or stimulation of growth from 
indigenous microorganisms harboring these genes. Here, the effect is highly related to the 
amount of organic amendment applied to the soil. Small amounts of organic amendments 
have only a minor effect on the different microbial groups, which is also in accordance with 
the distinct lower GHG flux measurements from these incubations. On the opposite site, 
organic amendments cannot only increase the gene copy numbers, but can also lead to a 
decrease of microbial groups (AOA) in comparison to an un-amended soil. 

The overall bacteria and fungi abundance correlate quite well with the CO2 respiration 
rates (R2=0.942/ R2=0.858, respectively). The strong increase, especially in the CC residue 
application in bacterial and fungal abundance, could mainly occur due to the high 
application rate of the CC residue in our experiment. Normally, around 4-6-fold lower 
amounts of CC residues are plowed under in the field after the winter (Marinari et al., 2015; 
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Coombs et al., 2017). However, we observe also an increase in the fungal abundance at 
the low amount of applied CC residues, which is comparable to recent studies (Maul et 
al., 2014). 

The differences in abundance of the different groups are highly influenced by the different 
organic amendments that are used. For example, the application with the fungi based 
compost has a great effect (7-fold increase) on the abundance of the methanotrophs, 
compared to the green cut compost material which (like the other organic amendments) 
had only a doubling effect on the abundance of methanotrophs. Like mentioned 
before, a stimulation of rare-earth metal-dependent methanotrophs, which harbor the 
XOXF dependent methanol dehydrogenase gene, in these samples could be a possible 
explanation (Gu and Semrau, 2017; Krause et al., 2017). However, in a previous study (Ho 
et al., 2015a) USCα pmoA sequences, which are known to poses the XOXF enzyme and is 
capable of atmospheric CH4 oxidation, was not detected in soil samples from the same 
location. This would rather support the hypotheses that the increase in pmoA copies is 
due to the introduction of methanotrophs by the organic amendment. 

In contrast to the methanotrophic community, we observe more distinct differences of 
the effect of organic amendments on the methanogenic abundance. Especially organic 
amendments (compost and digestate) that undergo a treatment in which anoxic 
habitats are formed to provide a perfect environment for methanogens (Hellmann et al., 
1997; Alburquerque, de la Fuente and Bernal, 2012). Especially, CC residue amendment 
increased the ratio of methanotrophs to methanogens, which can harbor a positive effect 
on the ratio of CH4 consumption to CH4 production (Conrad, 2007).

In our soil the newly found nosZ clade II (Jones et al., 2013) is 10- to 100-fold more 
abundant than nosZ clade I. While clade I is mainly associated with soil type (clay), 
nutrient status, total organic carbon, organic matter or C:N ratio, it is unclear what the 
drivers for the abundance of clade II in soils are (Highton et al., 2016; Hallin et al., 2018). 
Our soil is a clay soil, which would be expected to show a higher correlation to nosZ clade 
I bacteria, but instead we see a clear preference of N2O-reducers with a nosZ clade II gene. 
We think that the differentiation between the two clades cannot be broken down to just 
one or two single soil characteristics. More knowledge about the ecology of nosZ clade II 
bacteria, which seem to be the major drivers for soil N2O sink capacity (Jones et al., 2014; 
Domeignoz-Horta et al., 2016a), is necessary. This knowledge may be used to design 
strategies to enrich agricultural soils either directly with nosZ clade II microorganisms 
or using amendments that are rich in these denitrifiers. In our study almost all organic 
amendments had a stimulating effect on the two nosZ clades. The rise in N2O production 
may have stimulated the N2O-reducers during the incubation (Hallin et al., 2018). 
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The archaeal 16s rRNA gene and archaeal amoA are the only two genes that are decreasing 
during the incubation. For archaea and especially the AOA inside the archaea kingdom it 
was already shown that they are more affected by rewetting stress compared to bacteria 
and AOB (Conrad et al., 2014; Thion and Prosser, 2014). The decrease in the archaeal amoA 
seem to be higher with the addition of either CC residues, digestate or sewage sludge to 
the soil (Figure 7). Potentially, the high N-content in these organic amendments, along 
with the high water level is known to favor denitrification processes (Dijk, Ball and Skiba, 
2002). Furthermore, it is believed that the addition of fertilizer normally lead to an increase 
in the AOB/AOA ratio (Wertz, Leigh and Grayston, 2012; Hartmann et al., 2013; Kastl et al., 
2014), since it was shown that AOB grow faster after the addition of fertilizer, this may also  
be true for our study. Even though a recent study showed that this effect is not occurring 
in every occasion by showing that AOA and AOB had changed in the same way during an 
incubation (Orellana et al., 2018).

It is not surprising that the treatments with CC residues harbored the highest abundance 
of N-fixing bacteria, since 1/3 of the CC residues mixtures we added were legumes 
(Sprent, Ardley and James, 2017). N-fixers cannot directly be linked to a GHG production 
or consumption, but can have an indirect effect on N2O production by converting N2 to 
NH4 which then can be consumed by nitrifiers in the soil (Galloway et al., 1995). 

Conclusion

In our study we analyzed different organic amendments and their influence on the GWP 
as well as functional microbial groups which are involved in GHG transformations in an 
agricultural soil. Our results indicate that compost amendments perform best with respect 
to the soil GWP calculated from the three major GHGs (CH4, CO2, N2O) and have a similar 
GWP as the un-amended soil (Table 2). Combinations of sewage sludge and digestate 
with both composts have also moderate effects on the soil GWP and will provide higher 
nutrients supply for plants. Although CC residues had the least favorable GWP, it still 
harbors a great long-term benefit to reduce GHG emissions from agricultural soils in 
manipulating the microbial communities. The CC residue amendment increased microbial 
groups that are involved in the reduction of GHGs (N2O-reducers, methanotrophs) or 
keeping the producing microbial community stable (methanogens, nitrifiers) compared 
to other organic amendments and the un-amended soil. This could provide a better GWP 
in the long-term. The next step would be to study the effect of plants on the GWP and 
have a deeper investigation of the associated microbial communities that are involved 
in GHG consumption and perform a longer running long-term incubation experiment to 
verify the short-term results. Further well-aerated agricultural soils need to be investigated 
in their potential as a sink for CH4, especially in combination with organic fertilizers and 
the potential of rare earth metals in these organic amendments. Understanding the 
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underlying mechanisms of how organic fertilizers influence and possibly decrease GHG 
would allow us to develop a strategy to reduce GHG emission from agricultural soils 
without affecting the plant yield. 
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Supplementary Figures

Supplementary Figure 1. Methane flux over the period of 28d in un-amended clay soil and after amendments 
with compost1, compost2, cover crop mixtures, digestate, digestate+compost1, digestate+compost2, sewage 
sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) at (A) high amount (20 t/ha) and high water 
content (65%), (B) low amount (5 t/ha) and high water content, (C) high amount and low water content (40%) 
and (D) low amount and low water content. Methane flux measurements were performed under ambient gas 
concentrations.

Supplementary Figure 2. Carbon dioxide flux over the period of 28d in un-amended clay soil and 
after amendments with compost1, compost2, cover crop mixtures, digestate, digestate+compost1, 
digestate+compost2, sewage sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) at (A) high 
amount (20 t/ha) and high water content (65%), (B) low amount (5 t/ha) and high water content, (C) high amount 
and low water content (40%) and (D) low amount and low water content. Carbon dioxide flux measurements 
were performed under ambient gas concentrations.



Chapter 3

78

Supplementary Figure 3. Nitrous oxide flux over the period of 28d in un-amended clay soil and after amendments 
with compost1, compost2, cover crop mixtures, digestate, digestate+compost1, digestate+compost2, sewage 
sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) at (A) high amount (20 t/ha) and high water 
content (65%), (B) low amount (5 t/ha) and high water content, (C) high amount and low water content (40%) 
and (D) low amount and low water content. Nitrous oxide flux measurements were performed under ambient 
gas concentrations.

Supplementary Figure 4. Methane uptake over the period of 28d in un-amended clay soil and after amendments 
with compost1, compost2, CC residues mixtures, digestate, digestate+compost1, digestate+compost2, sewage 
sludge+compost1 and sewage sludge+compost2 (mean ± SD; n = 3) at (A) high amount (20 t/ha) and high water 
content (65%), (B) low amount (5 t/ha) and high water content, (C) high amount and low water content (40%) 
and (D) low amount and low water content. Methane uptake were measured after the addition of 10 ppm CH4 
at each sampling point. 
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Abstract

Fungi play an important role in carbon - and nutrient cycling. It is, however, unclear 
if diversity of fungi is essential to fulfill this role. With this meta-analysis, we aim to 
understand the relationship between fungal diversity and decomposition of plant 
materials (leaf litter and wood) in terrestrial and aquatic environments. The selection 
criteria for papers were the presence of a fungal diversity gradient and quantification 
of decomposition as mass loss. In total 40 papers met the selection criteria. We 
hypothesized that increase of fungal species will result in stronger decomposition, 
especially in species poor communities. Both artificial inoculated and naturally 
assembled fungal communities were included in the analysis in order to assess 
whether manipulated experiments are representative for field situations. We found a 
significant positive effect of increased fungal diversity on decomposition. However, in 
manipulated experiments this relationship was only positive when a control treatment 
of one fungus was compared with multispecies communities. This relationship became 
negative when comparisons of higher initial richness (at least two fungal species as 
“control”) were included. In contrast, under natural field conditions increased fungal 
diversity coincided with increased decomposition. This suggests that manipulated 
experiments are not representative for field situations. Possible reasons for this are 
discussed. Yet, both in manipulated and field experiments, environmental factors 
can influence diversity – decomposition relationships as indicated by a negative 
relationship of increasing C:N ratio on the effect of fungal diversity on decomposition. 
Overall, our results show that fungal diversity can have an important role in 
decomposition, but that design of experiments (manipulated or field) and quality of 
the plant material should be taken into account for interpretation of this diversity-
functioning relationship. 
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Introduction

Understanding the consequences of decreasing biodiversity on the functioning of natural 
ecosystems is one of the highest research priorities in ecological research (Coleman and 
Whitman, 2005; Lecerf and Richardson, 2010; Delgado-Baquerizo et al., 2017). An important 
aspect of the biodiversity-functioning relationship is the role of belowground biodiversity 
on soil functioning such as carbon- and nutrient cycling (Wagg et al., 2014; Delgado-
Baquerizo et al., 2016). Saprotrophic fungi are an important group of soil microorganisms 
involved in decomposition of organic materials and mineral nutrient cycling (van der Wal 
et al., 2013). It is estimated that 1.5 million fungal species occur worldwide (Hyde et al., 
2007). They are abundantly present in (undisturbed) ecosystems like grasslands and forest 
floors, but also in aquatic systems like streams that receive input of terrestrial organic 
matter (Grossart et al., 2019). Due to their hyphal growth form and ability to produce a wide 
range of polymer hydrolyzing and -oxidizing enzymes, saprotrophic fungi have a key role 
in the degradation of solid, lignocellulose-rich organic materials (van der Wal et al., 2013). 
The number of fungal species with a predominant saprotrophic lifestyle is tremendous 
and there are strong differences in their abilities to degrade organic compounds (van der 
Wal et al., 2013). Yet, the importance of this high taxonomical and functional diversity of 
saprotrophic fungi for decomposition processes is not well understood. 

Diversity-functioning relationships are mostly studied in experimental settings after the 
inoculation of a limited number of fungal isolates on sterile plant residues. Many of these 
studies have been executed in aquatic experimental settings with terrestrial leaf litter that 
under field conditions naturally falls into streams (Duarte et al., 2006; Pascoal et al., 2010; 
Andrade, Pascoal and Cássio, 2016). Manipulated diversity studies in terrestrial ecosystems 
are less common and do often involve woody materials (Toljander et al., 2006; Wagg et 
al., 2014; Hiscox et al., 2016). The diversity gradients range from 1 to a maximum of 16 
species, which is a common amount of cultivated fungal species retrieved from aquatic 
ecosystems (Duarte et al., 2010). However, in terrestrial ecosystems much higher diversity 
levels are found (Deacon et al., 2006) and with sequencing techniques even more species 
are detected, but their function and activity are not yet known (Grossart et al., 2019).

Interactions between fungi are an important aspect to be included in the prediction of 
the effect of increasing diversity on ecosystem functioning. Fungi can compete for the 
same resources leading to competitive exclusion. This can lead to a reduction of the initial 
inoculated diversity levels at the end of experiments (Toljander et al., 2006). In wood 
logs, competitive interactions are visible between wood-rot fungi (zones between fungal 
species as described by van der Wal et al. (2013)). When interactions are neutral, fungal 
species co-occur in the same environment without exhibiting harmful or beneficial effects. 
Decomposition rates are not expected to be different from the average decomposition of 
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each fungus in monoculture (additive effect). Complementarity and facilitation can lead to 
increased decomposition. For example, Tiunov and Scheu (2005) showed a positive effect 
by combining cellulolytic fungi and sugar fungi. The production of cellulase supported 
the consumption of the released sugars by sugar fungi. 

Another aspect that can influence the diversity-decomposition relationship is the 
chemical composition of the material that is decomposed. Fungal species are adapted 
to the specific composition of the organic materials they decompose. For example, to 
overcome lignin barriers in complex organic substrates, degradation (white rot fungi) 
or modification (brown rot fungi) strategies have been evolved in wood decomposition 
(Mester, Varela and Tien, 2004). Nutrient availability, lignin content and toxic elements 
can influence wood and litter decomposition as well as the success and outcome of 
interactions of fungal species during decomposition. 

In general, even though interaction effects can have different directions, it is assumed 
that diversity is important for decomposition (Baerlocher, 2005; Gessner et al., 2010; 
Hättenschwiler, Fromin and Barantal, 2011). Yet, there is still a debate on the extent of 
diversity importance as redundancy effects within the community may occur, since many 
species are able to break down organic matter. We performed a meta-analysis to better 
understand the relationship between fungal diversity and decomposition. We screened 
manipulated diversity studies from both aquatic and terrestrial ecosystems including 
leaf and woody materials. The selection criteria for papers were 1) the presence of an 
initial fungal diversity gradient and 2) quantification of decomposition as mass loss. 
Decomposition measured as CO2 emissions were not included as fungal interactions can 
affect carbon substrate use efficiencies of individual fungal species leading to difficulties 
with interpretation of the relationship between respiration and decomposition (Hiscox et 
al., 2015). The following hypotheses were tested:

1.	 Diversity increases decomposition as increasing species diversity will lead to increased 
potential of the community to degrade diverse material (niche differentiation/
complementarity).

2.	 The diversity effect will be flattened off with increasing species richness (redundancy 
effect with increasing species richness).

3.	 The diversity effect is expected to be higher in litter or woody materials with lower C:N 
ratio as substrates with a higher C:N ratio are more difficult to degrade and will require 
specialized fungi. These fungi have to invest a lot of energy in their specialization 
(e.g. lignolytic enzymes) and prevent competition from other microbes by creating 
unfavorable growth conditions (Boddy and Hiscox, 2016), resulting in decreased 
fungal diversity in substrates with a high C:N ratio. 
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4.	 The diversity effect will be reduced when measuring mass loss at later time 
points as compared to earlier time points within the same substrate; facilitation/
complementarity is expected to have larger influence during early stages of 
decomposition as nutrient content is more diverse leading to a possible increased 
importance of niche differentiation.

Environmental studies that tested decomposition under field conditions were selected 
as well to understand if the diversity-functioning relationship was different under field 
conditions with spontaneous developed fungal diversity compared to manipulated 
fungal diversity in laboratory settings. In these studies, differences in diversity of fungal 
species are based on differences in natural assembly processes on similar organic starting 
materials. We therefore additionally hypothesize that: 

5.	 Fungal diversity effects will be larger in field settings compared to experimental 
settings especially in fungal rich communities. In field settings, natural colonization 
processes (no artificial inoculation) and changing environmental conditions will 
result in an increase in possible niches. 

Material and methods

Literature search
The two main criteria for selection of papers on fungal diversity – decomposition 
relationships were: (1) decomposition is based on mass loss as % loss of plant material 
and (2) fungal diversity (richness) differences have been compared (at least 2 levels of 
fungal diversity per study). Web of Science was used as database for literature search 
using the following search words: “fungal diversity” AND (“litter decomposition” OR 
“wood decomposition”). This yielded 142 papers in Web of Science. Papers were included 
until the 1st of March 2021. Reference lists of the papers were also checked to include 
articles that were missed by the literature search in Web of Science. We included 
laboratory experiments with manipulated fungal diversity levels and environmental 
experiments where the environment created differences in diversity due to differences 
in colonization processes in replicates or treatments. Studies that were excluded from 
the analysis compared/examined: (1) contrasting environments or plant residues, (2) 
decomposition compared between successional stages of the experiment (no diversity 
differences between treatments but over time), (3) toxicity effects of metals or other 
harmful compounds. Based on these criteria, we kept 16 manipulated studies and 24 
environmental studies. The list of included studies is shown in Table 1. 

Data on decomposition and diversity were extracted from the articles using the online 
tool WebPlotDigitizer. Data related to plant quality and environment were extracted 



Chapter 4

86

as well. As most studies did not measure the quality of the plant material used in the 
experiments, the TRY-database (Kattge et al., 2020) was used to get an estimation of the 
C:N ratio of the plant material. 

Treatments with similar diversity levels, but different species composition, were not  
analyzed separately. Such treatments were pooled before the analysis using the formulas: 

 
and  
where n is the amount of different treatments with the same diversity level. Some environ-
mental papers measured k decomposition rates and not % mass loss. These values were 
calculated into % mass loss with the formula:  
where k is the decomposition rate and t is the duration of the incubation (in days or years).

Statistical analyses
Data were analyzed with R (version 4.0.3) with attached packages for analyses and 
visualization: car, carData, plyr, dplyr, grid, gridExtra, cowplot. The packages metafor and 
forestplot were used to perform the meta-analysis (Viechtbauer, 2010). Individual effect 
sizes within each study were estimated by calculating the difference between 2 treatments: 

and where 
n is replicates per treatment (diverse or control) (Makowski, Piraux and Brun, 2019). 
Within each combination, the lowest diversity level was used as “control”. All possible 
combinations in each study were analyzed leading to multiple effect sizes per study when 
more than two diversity levels were measured. In total 458 combinations obtained from 
the 40 selected studies were tested. With a random effect model and the REML method 
overall effect size was estimated. As most studies had more than one individual effect 
size (D), we corrected for this within the analysis to prevent overestimation of a single 
study with more combinations. To determine differences between experimental design 
(manipulated or field), environment (aquatic or terrestrial) and plant material (litter or 
wood), these factors were analyzed separately within the analysis. To analyze redundancy 
effects, an extra factor was added within the manipulated experiments to compare the 
individual effect size in measured combinations from real control treatments (1 fungal 
species) and other treatments with a diverse community already (at least 2 fungal 
species) as lowest diversity level. A forest plot was made to visualize the individual and 
overall effect sizes and a funnel plot to estimate publication bias (Sterne and Egger, 
2001). Regression analysis (with packages ggplot2, ggpubr) was used to assess whether 
environmental factors and quality of the plant material could explain the magnitude and 
direction (positive/negative) of individual effect sizes (ES). 

Within the environmental studies, seven studies did not analyze treatments, but individual 
replicates. To estimate the diversity effect on decomposition, linear regression models 
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were used to estimate r and the variance of the relationship between fungal diversity 
and % mass loss. To be able to compare this approach with the group design of all other 
studies, the regression results were transformed into d statistics with  and 

 (Nakagawa and Cuthill 2007) where 
r is the regression coefficient and D is the estimated difference. These estimates of D were 
added to the other 33 studies to measure the overall effect as described before. 

Table 1: List of papers used in meta-analysis

Paper Environment Plant 
type

Plant species Study

1 Andrade, Pascoal and Cássio (2016) Aquatic Litter Alnus glutinosa Manipulated

2 Bärlocher and Corkum (2003) Aquatic Litter Quercus robur Manipulated

3 Barros et al. (2016) Aquatic Litter Alnus glutinosa Manipulated

4 Costantini and Rossi (2010) Aquatic Litter Alnus glutinosa, 
Phragmites 
australis, Quercus 
cerris

Manipulated

5 Dang, Chauvet and Gessner (2005) Aquatic Litter Alnus glutinosa,
Quercus robur

Manipulated

6 Duarte et al. (2006) Aquatic Litter Alnus glutinosa Manipulated

7 Fernandes, Pascoal and Cássio (2011) Aquatic Litter Alnus glutinosa Manipulated

8 Geraldes, Pascoal and Cássio (2012) Aquatic Litter Alnus glutinosa Manipulated

9 Gonçalves, Graça and Canhoto (2015) Aquatic Litter Quercus robur Manipulated

10 Jabiol et al. (2013) Aquatic Litter Quercus robur Manipulated

11 Kivlin and Treseder (2015) Terrestrial Litter Festuca altaica Manipulated

12 Pascoal et al. (2010) Aquatic Litter Tilia cordata Manipulated

13 Raviraja, Nikolcheva and Baerlocher (2006) Aquatic Litter Tilia cordata Manipulated

14 Wagg et al. (2014) Terrestrial Litter Lolium 
multiflorum

Manipulated

15 Venugopal et al. (2017) Terrestrial Wood Pinus sylvestris Manipulated

16 Toljander et al. (2006) Terrestrial Wood Picea abies Manipulated

17 Encalada et al. (2010) Aquatic Litter Alnus acuminate,
Inga spectabilis

Field

18 Ferreira et al. (2006) Aquatic Litter Alnus glutinosa,
Quercus robur

Field

19 Miura et al. (2013) Terrestrial Litter Saccharum 
officinarum

Field

20 Pascoal, Cassio and Marvanová (2005) Aquatic Litter Alnus glutinosa Field

21 Pérez, Descals and Pozo (2012) Aquatic Litter Alnus glutinosa Field

22 Maamri et al. (2001) Aquatic Litter Salix pedicellata Field

23 Lecerf and Chauvet (2008) Aquatic Litter Alnus glutinosa Field

24 Simon, Simon and Benfield (2009) Aquatic Litter Quercus prinus Field

25 Tolkkinen et al. (2013) Aquatic Litter Alnus incana Field
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Paper Environment Plant 
type

Plant species Study

26 Tolkkinen et al. (2015a) Aquatic Litter Alnus incana Field

27 Mesquita, Pascoal and Cassio (2007) Aquatic Litter Eucalyptus 
globulus

Field

28 Rincon and Santelloco (2009) Aquatic Litter Ficus Field

29 Sudheep and Sridhar (2013) Aquatic Litter Ficus 
benghalensis, 
Anacardium 
occidentale

Field

30 Krevs et al. (2017) Aquatic Litter Alnus glutinosa,
Alnus negundo

Field

31 Miura et al. (2015) Terrestrial Litter Saccharum 
officinarum

Field

32 Hoppe et al. (2016) Terrestrial Wood Fagus sylvatica, 
Picea abies

Field

33 Kubartová, Ottosson and Stenlid (2015) Terrestrial Wood Picea abies Field

34 Harrop, Marks and Watwood (2009) Aquatic Litter Alnus 
oblongifolia,
Platanus wrightii

Field

35 Tolkkinen et al. (2015b) Aquatic Litter Alnus incana Field

36 Bärlocher and Graca (2002) Aquatic Litter Eucalyptus 
globulus, 
Castanea sativa

Field

37 Xiao et al. (2019) Terrestrial Wood Mixture tree 
species

Field

38 Purahong et al. (2017) Terrestrial Wood Schima superba, 
Pinus massoniana

Field

39 van der Wal, Ottoson and De Boer (2015) Terrestrial Wood Larix kaempferi Field

40 van der Wal et al. (2016) Terrestrial Wood Larix kaempferi, 
Quercus rubra

Field

Results

Diversity effect
The overall statistical analysis, including all 40 studies, revealed a significant positive effect 
(D = 1.57±0.41, p < 0.001) of fungal diversity on decomposition (Figure 1), supporting 
hypothesis 1. The overall effect size was based on individual effect sizes as revealed by a 
mixed effect model using REML as method (AIC = 3254.2, QE = 14515.9, p<0.001, Table 
S1). Most of the included studies were performed in aquatic ecosystems and used leaf 
litter (28 studies). Wood decomposition studies were only done in terrestrial ecosystems 
(8 studies). Correlation based diversity effects in field studies (7 studies; see M&M) did 
not change the outcome of the analysis, thus it was not needed to distinguish these 
field experiments from the other experiments. In the analysis, ecosystem (aquatic or 

Table 1: Continued.
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terrestrial), resource (leaf litter or wood), experiment (manipulated or natural assembly) 
and comparison (control or diverse) were analyzed separately to identify the influence of 
these experimental factors. The control/diverse grouping was only used in manipulated 
experiments as in field experiments a fixed control treatment with only 1 fungus was not 
present. All examined comparisons were statistically significant in explaining differences 
in the diversity effects on decomposition (QM = 34.72 and p<0.001). 

In the manipulated experiments, the effect size of increasing diversity was negative (D 
= -1.76±0.56, p<0.001) when a low diverse community (at least two fungal species) was 
compared with a higher diversity level, while increasing fungal diversity from one fungus 
(no diversity) to more fungal species had a positive effect size (D = 2.96±0.46, p<0.001). 
This indicates a reduced diversity effect with increasing species richness, which is in line 
with the role of redundancy proposed in hypothesis 2. In field experiments, increasing 
diversity was positively related to decomposition (D = 2.82±0.78, p<0.001) supporting 
hypothesis 5. When considering the individual effect sizes (D) of all studies, no significant 
correlation was seen with the size of the lowest fungal diversity level (control) within each 
comparison (Figure 2, p = 0.27). This indicates that for field experiments no evidence for a 
redundancy effect was found.

Resource type had a significant effect as litter decomposition was significantly increased 
with increasing fungal diversity (D = 1.65±0.36, p<0.001), whereas this was not the case 
for decomposition of wood (D = 0.32±1.61, p=0.84). However, the amount of studies with 
data on wood decomposition was low (8 studies). 

To estimate if the selected studies had a publication bias towards studies publishing a 
significant diversity effect, funnel plot analysis was used to estimate missing studies (Figure 
3, Table S2). This resulted in an estimation of missing studies only at the right side of the 
plot (estimated 110±13.9 studies missing), indicating that in the included studies there 
was a publication bias for no or negative effects of fungal diversity on decomposition.
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Plant quality
Correlation analysis revealed a significant negative relationship between the C:N ratio of 
plant residues and diversity effect size (r = -0.033±0.016, R = -0.11, p = 0.034, Figure 4), 
supporting hypothesis 3. The C:N ratio of the plant material was based on an estimate 
from the TRY-database. For some plant species, however, this data was not available in the 
database. 

Figure 2. Relationship between effect size (D) and the starting level of fungal diversity within each comparison. 
Grey line is predicted model based on quadratic relationship (p = 0.27).

Figure 1. Overall effect size (D) for fungal diversity-decomposition interactions (forest plot), for all studies (All) and 
different categories within manipulated and field experiments. All data with individual effect sizes of each study 
calculated as D in forest plot is shown in Figure S1. Numbers in the left column represent the amount of individual 
studies used in the analysis with a total of 40 papers selected.
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Figure 3. Estimate of publication bias (funnelplot): Individual diversity effect sizes are presented on the x-axis 
together with the average (black line) and the standard error of the individual effects is presented on the y-axis. 
Black dots represent individual measurements and white dots indicate possible missing measurements as the 
distribution of these measurements is expected to be symmetric around the average of all studies.

Figure 4. Correlation of estimated C:N ratio of plant material with individual diversity effect size D.
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Time effect 
To study if time of harvest had an influence on the diversity effect size, the most used 
plant species was selected to compare different experiments. Alnus glutinosa was used in 
7 manipulated experiments and 6 field experiments. These experiments were analyzed 
separately as laboratory conditions are not comparable with field conditions. For both 
types of experiments the time after which % mass loss was measured did not have a 
significant negative effect on the individual diversity effect sizes (p = 0.65 and p = 0.98 for 
manipulated and field experiments respectively, Figure 5), rejecting hypothesis 4. 

Discussion

Soil biodiversity plays an important role in ecosystem functioning and nutrient cycling 
(Thiele-Bruhn et al., 2012; Wagg et al., 2014; Delgado-Baquerizo et al., 2016). As fungi 
play a prominent role in decomposition and carbon cycling (Creamer et al., 2016), the 
relationship with fungal diversity warrants special attention. Surprisingly, fungal diversity 
and decomposition are both well studied, but an overall analysis of their relationship 
has not been addressed. The current meta-analysis examined this both for controlled 
differences of diversity in experimental settings and for spontaneous assembly differences 
of diversity in field studies. 

In this meta-analysis, we did find an overall positive effect of fungal diversity on 
decomposition (D = 1.57±0.41, p < 0.001, Figure 1), as stated in hypothesis 1. A positive 
effect of diversity in manipulated experiments was found when incubations with one fungal 
species were compared with incubations of two or more fungal species. Comparisons 
of higher initial richness (at least two fungal species as “control”) with multispecies 
communities did not show such an effect, supporting the expected redundancy effect 
(hypothesis 2). However, studies of decomposition of naturally colonized substrates in field 

Figure 5. Correlation between time of mass loss measurements and diversity effect size D for 13 studies with leaf 
litter of Alnus glutinosa D. A: manipulated experiments (7) ad B: field experiments (6).
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sites indicate an overall positive relationship between fungal diversity and decomposition 
regardless of the lowest diversity levels, thereby rejecting hypothesis 2. These differences 
between manipulated experiments and natural ecosystems show a possible discrepancy 
in the representativeness of manipulated experiments for field situations as stated in 
hypothesis 5. This can be explained in four ways as already discussed by Fukasawa and 
Matsukura (2021). 

First, the fungal diversity levels used to determine the effect of increasing diversity levels 
on decomposition in experimental settings are the initial levels constructed by the 
researcher. Competitive exclusion may have leveled off the initial diversity differences in 
manipulated experiments. For example, Toljander et al. (2006) showed that only one or 
two species existed on decaying wood blocks after 6 months of incubation even though 
the highest inoculation diversity started with 16 species. Unfortunately, most studies 
did not take this species loss into account and used the initially inoculated numbers of 
species to calculate diversity effects on the decomposition as determined at the end 
of the incubation. This can result in a bias of studies reporting no significant effect of 
diversity on decomposition as shown in Figure 3. Both competitive interactions leading 
to a reduction in species and interactions in the remaining species-poor decomposer 
communities will greatly determine the effect on decomposition (Hiscox et al., 2015; 
Hiscox, O’Leary and Boddy, 2018). In field studies, fungal community composition and 
decomposition (weight loss) are determined at the same time. Hence, different from 
artificially manipulated diversity experiments, the relationship between decomposition 
and fungal diversity in field experiments is not based on the initial, but rather on the final 
fungal diversity. Therefore, the lack of effect of differences in initial species richness on 
decomposition in artificially assembled fungal communities cannot be considered as an 
appropriate test for diversity effects when final richness levels have not been included. 
Furthermore, in manipulated experiments, a random assembly of fungal species is used 
as inoculation while in field experiments succession and colonization are not random 
and can be selected by forces based on functioning, stimulating co-occurrence (Palmer, 
Stanton and Young, 2003; Dickie et al., 2012; van der Wal et al., 2013). 

Second, the amount of detected species in field experiments is larger than the amount 
of used species in laboratory conditions (Grossart et al., 2019; Fukasawa and Matsukura, 
2021). Only one experiment in this meta-analysis used dilution-to-extinction (Wagg et al., 
2014) as a method to reduce diversity in laboratory conditions. Yet, this method might be 
more representative for differences in diversity levels in field situations as dilutions are 
made from naturally assembled fungal communities. 

Third, differences in homogeneity and quality of the plant material within manipulated and 
field experiments can lead to differences in decomposition. In manipulated experiments, 
the plant material needs to be sterile before fungal communities can be inoculated. These 
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pre-treatments do change the quality of the plant material. Comparisons between partly 
and fully sterilized material as a method to dilute fungal diversity is therefore not suitable to 
estimate diversity effects as reported previously (Valentín et al., 2014; Muszynski et al., 2021). 
Furthermore, homogenization of the material in laboratory conditions may reduce substrate 
complexity compared to field conditions. Increasing complexity of the environment and 
substrate can lead to reduced exclusion during competition and, therefore, lead to co-
existence (Lee et al., 2019; Chan et al., 2021). Even in field situations, reduced resource 
complexity can lead to reduced diversity of fungal communities (Baessler et al., 2014). 

Fourth, higher environmental heterogeneity in field experiments as compared to 
controlled incubation conditions may lead to differences in the relationship between 
fungal diversity and decomposition. Environmental heterogeneity can lead to increased 
possibilities for co-existence of fungal species (Bradford et al., 2014). Fungal species 
have specific ranges of abiotic stress tolerance (niche width) (Maynard et al., 2019). 
Therefore, spatial and temporal fluctuations in environmental conditions can facilitate 
species coexistence which can coincide with increased decomposition (Toljander et al., 
2006). In this meta-analysis we included both aquatic and terrestrial ecosystems. Even 
though aquatic and terrestrial ecosystems are different, fungi fulfill an important role as 
decomposers of terrestrial plant material in both environments. In aquatic ecosystems, 
an important source of terrestrial plant material consists of fallen leaves and more than 
50% of the organic matter in lakes has a terrestrial origin (Wilkinson, Pace and Cole, 
2013). Fungal diversity in streams and lakes is simpler compared to terrestrial systems as 
a possible consequence of reduced environmental fluctuations in temperature and water 
availability in aquatic ecosystems (Bärlocher and Boddy, 2016; Grossart et al., 2019). Even 
though the presence of these differences, fungal functioning and interactions play similar 
roles in relationship to the degradation of plant material. However, a limited amount of 
studies was found that studied decomposition of plant litter in terrestrial ecosystems  
(4 studies) compared to aquatic ecosystems (28 studies). This bias hampers comparison 
of both ecosystems. A similar problem accounts for wood decomposition as well. Wood 
decomposition in aquatic ecosystems is rarely studied even though not only leaf litter 
but also twigs, branches and even trunks fall into streams as organic matter input (Allan 
and Castillo, 2007). This limited attention for aquatic wood decomposition is probably due 
to the assumed very slow decomposition of submerged wood, which has recently been 
questioned (Ferrer et al., 2020). More experimental studies analyzing fungal diversity within 
decomposing plant material in a diverse set of ecosystems is needed to be able to make 
better predictions. In addition, by using knowledge from decomposition models that include 
microbial parameters, it will be possible to better estimate decomposition rates under a 
changing climate and in different land use types. Until now, only a few models have been 
developed including microbial traits (Treseder et al., 2011; Allison, 2012; Sainte-Marie et al., 
2021). Our results show that fungal biomass on its own is not enough and fungal diversity 
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should be included in models to better estimate and understand ecosystem functioning. 
For example, in a modeling approach by Bastida et al. (2021) an estimate was made of both 
microbial diversity and biomass worldwide.

Apart from tested differences in the fungal diversity-decomposition relationship between 
manipulated and field experiments, we evaluated if plant quality influenced the fungal 
diversity effect on decomposition. We found a negative relationship between C:N ratio and 
the effect size supporting hypothesis 3. In the current analysis, it was not possible to quantify 
the effect of the quality of the plant material in more detail as this information was lacking. 
Only one out of 40 papers measured C:N ratio. To overcome this problem, we extracted 
C:N data from the TRY-database (Kattge et al., 2020). However, this is an estimation and an 
average of known measurements, but may not accurately reflect the wood and litter quality 
used in the experiments. Yet, we did find a negative effect of C:N ratio on the calculated 
diversity effect sizes (r = -0.033±0.016, R = -0.11, p = 0.034, Figure 4). This suggests that lower 
plant quality can lead to a reduction of positive effects of fungal diversity on decomposition. 
Antagonistic forces, such as the production of secondary metabolites and modification of 
the environment (e.g. reducing pH) to protect occupied space and nutrient sources by the 
fungal species (Hiscox and Boddy, 2016; Baldrian, 2017), can result in reduced diversity. 
For example, Baldrian et al. (2016) showed that individual wood logs were dominated by 
one or a few fungal species. Other information about the quality of the plant material, like 
lignin concentration, can give more insight in the relationship between the plant quality 
and decomposition (Hall et al., 2020). In the selected studies, only a limited amount of data 
was available for such plant traits. Therefore, other traits related to quality of litter and wood 
used for the decomposition studies were not included in the analyses.

To test if incubation time had an effect on diversity-decomposition relationships (hypothesis 
4), we selected only studies that used Alnus glutinosa leaf litter. Within these studies, the 
differences between harvesting time periods were minimal (ranging from 15 days to 42 days 
in laboratory conditions and 30 to 64 days in field conditions). This might be the reason 
for not finding a significant effect and rejecting hypothesis 4. To be able to understand 
the effect of time on fungal diversity-decomposition relationships, it is better to analyze 
decomposition at different time points within the same study to account for environmental 
differences. For example, Fernandes et al. (2009) measured decomposition over time, but 
this study could not be used since the temperature treatments created a diversity effect 
(exclusion reason 1: contrasting environment or plant material). 

In conclusion, fungal diversity is an important parameter to take into account to estimate 
and understand decomposition. Experimental studies examining fungal diversity effects on 
ecosystem functioning do not represent natural environments, leading to the need of doing 
more field experiments to determine fungal diversity-functioning relationships.
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Figure S1. All individual effect sizes for each study indicated by the numbers on the left side: first number is 
publication number, second number is the number of the combination/interaction within each study. Numbers on 
right side indicate average ± confidence interval. Grey labels indicate average effect size of the individual groups 
based on the 4 factors (see Figure 1 for average of these groups).

Table S1: Mixed model results (tau^2 = 65.47±4.84, I^2 = 99.85%, H^2 = 670.80, R^2 = 6.59%)
estimate SE z-score p-value Lower confidence 

interval
Upper confidence 
interval

Intercept 19.0288 3.3442 5.6902 <0.0001 12.4744 25.5832

Experiment 
(manipulated)

-4.8658 0.9771 -4.9799 <0.0001 -6.7808 -2.9507

Comparison 
(control)

-4.7240 1.0748 -4.3953 <0.0001 -6.8306 2.6175

Ecosystem 
(aquatic)

3.7136 1.5400 2.4114 0.0159 0.6952 6.7319

Resource (litter) -5.3852 1.7876 -3.0124 0.0026 -8.8889 -1.8814

Table S2: Random effect model, funnel plot analysis with estimate number of missing studies on the right 
side of 110±13.9 (tau^2 = 99.59±6.40, I^2 = 99.90%, H^2 = 980.61, Q (df = 567) = 30406.67, p<0.001)

estimate SE z-score p-value Lower confidence 
interval

Upper confidence 
interval

Intercept 4.6466 0.4376 10.6193 <0.0001 3.7890 5.5042
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Abstract

To reduce negative impacts from intensive agricultural practices, cover crops are used 
to minimize nutrient losses and increase organic matter inputs. Growing mixtures 
of cover crops and incorporation of their residues is expected to have even more 
beneficial effects compared to monocultures as a result of the increase of plant 
functional dissimilarity. We hypothesized that cover crop mixtures will lead to reduced 
greenhouse gas (GHG) fluxes and functionally more diverse soil microbial communities 
compared to cover crop monocultures. We established a field experiment for four 
years with three cover crop species (Avena strigosa, Vicia sativa and Raphanus sativus) 
in all possible combinations (monoculture, 2-species mixture and 3-species mixture). 
We tested if cover crop mixtures reduce GHG fluxes and stimulate the soil microbial 
biomass (qPCR), diversity (16S and ITS partial gene amplicon sequencing) and 
activity (functional genes related to N and C cycling). GHG (CO2, N2O and CH4) fluxes 
were measured regularly over the years during cover crop growth, after cover crop 
incorporation and during main crop growth. Microbial parameters were studied both 
in the first and last year of the experiment. Contrasting to our expectations, mixtures 
did overall not perform better than monocultures. GHG fluxes increased by adding 
cover crops compared to the fallow treatment both during cover crop growth and 
after incorporation. Mixtures with V. sativa and R. sativus resulted in highest emissions 
mainly during decomposition after incorporation of the residues. Increased N2O fluxes 
correlated with higher denitrification and nitrification rates. Furthermore, contrasting 
to other studies we did not find a difference in microbial biomass or diversity between 
plots with cover crops (mixtures or monocultures) and fallow plots. Collectively, our 
results indicate that growing cover crop mixtures does not decrease GHG emissions or 
increase functioning and diversity of the microbial community differently than cover 
crop monocultures.
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Introduction

Climate change and intensive usage of soil with associated soil erosion and environmental 
pollution affect multiple ecosystem services in agricultural ecosystems (Geisen, Wall and 
van der Putten, 2019), potentially leading to irreversible changes (Steffen et al., 2015, 
2018; IPCC 2021). More sustainable agriculture management, geared towards increased 
carbon sequestration and reduced usage of synthetic fertilizers is essential in order to 
mitigate the negative effects of anthropogenic activity (Paustian et al., 2016). Sustainable 
management could increase soil organic matter (SOM) which is important to stabilize 
the soil structure, increase storage of nutrients and increase water holding capacity 
(Johnston, Poulton and Coleman, 2009; Wagg et al., 2014; Tsiafouli et al., 2015). One of the 
options to increase sustainability in agriculture is the inclusion of cover crops (Paustian 
et al., 2016; Abdalla et al., 2019). In temperate climates, cover crops are mostly grown in 
fall and winter and are used as green manure and have the potential to reduce nutrient 
leaching and to increase SOM (Olson, Ebelhar and Lang, 2010; Zhou et al., 2012; Blanco-
Canqui et al., 2015; Poeplau and Don, 2015). Earlier studies have shown the importance 
of including cover crops in crop rotation to provide a wide range of ecosystem services 
(Mbuthia et al., 2015; Alahmad et al., 2019; Garland et al., 2021). To increase diversity in 
agriculture, European regulations stimulate the use of cover crop mixtures in agricultural 
practice instead of growing cover crops as monocultures (European-Commission, 2019). 
The underlying assumption for these regulations is that a diverse set of cover crops will 
provide greater ecological services compared to single species (Blanco-Canqui et al., 2015). 
Since each plant species has a certain set of specific traits (e.g. rooting depth, composition 
of exudates), adding more plant species will lead to increased differentiation of traits in 
mixtures compared to monocultures. This will increase functional complementarity in 
the field. It has been shown that complementarity in plant traits in grasslands and arable 
fields with intercropping result in increased biomass production (De Deyn et al., 2009; 
Cong et al., 2014). However, it needs to be investigated if this also holds under sub-optimal 
conditions (reduced light intensity and temperature) in autumn and winter when cover 
crops are grown. It has been shown that, compared to monocultures, mixtures of cover 
crops can increase overall cover crop yield when grown in autumn (Wendling et al., 2017). 
Furthermore, mixtures of legumes and grasses increase biomass production due to 
biological nitrogen fixation (Nair and Ngouajio, 2012; Haque et al., 2013; Tosti et al., 2014). 
This can lead to increased SOM content and higher input of N from the plant material 
in spring. Residues from cover crop mixtures represent a more diverse set of substrates 
for the soil microbial community (Damour et al., 2014; Tribouillois et al., 2015) which is 
hypothesized to increase decomposition and nutrient turnover. 

Microbial communities are key players in nutrient cycling and will, therefore, have a 
critical role in the effects of cover crops on soil functioning. It has been shown that cover 
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crops mainly increase C and N pools leading to a stimulation of microbial activity and 
biomass (Nair and Ngouajio, 2012; Zhou et al., 2012; Strickland et al., 2019). As each cover 
crop has certain traits, microbial community composition might be changed depending 
on the cover crop type. For example, by adding oat as cover crop, mycorrhizal fungi are 
stimulated (Boswell et al., 1998; Lehman et al., 2012). Adding several cover crop species 
instead of single species is expected to increase complementarity and the number of 
niches in the soil leading to increased microbial diversity and metabolic potential (Drost 
et al., 2020). This is expected to have a positive effect on the functioning of the ecosystem 
(Delgado-Baquerizo et al., 2016).

As nutrient pools in the soil change by cover crop addition, changes in microbial activity 
will affect nutrient cycling. During cover crop growth both C and N are captured in plant 
biomass. After incorporation, decomposition of cover crop residues can lead to increased 
greenhouse gas (GHG) emissions (Abdalla et al., 2012, 2014; Brozyna et al., 2013; Basche et 
al., 2014; Sanz-Cobena et al., 2014; Li et al., 2016). Microbial decomposition of cover crops 
can increase N2O emissions by consuming C leading to reduced oxygen and enhanced 
denitrification in the soil (Duan et al., 2018) or by increased nitrifier N2O production. 
However, growing of cover crops can still lead to a positive GHG balance as compared 
to bare soils as a result of increased carbon storage and reduced nutrient losses during 
cover crop growth (Petersen et al., 2011; Abdalla et al., 2014, 2019; Tribouillois, Constantin 
and Justes, 2018). We expect that cover crop mixtures will be more beneficial than 
monocultures due to increased organic matter input in the soil and increased dissimilarity 
of residues leading to reduced GHG emissions. It is expected that the microbial community 
will use nutrients more efficient with increasing diversity of plant material; e.g. diversity 
of C:N ratio of residues increase diversity and decomposition of microbial community 
(Hattenschwiler, Tiunov and Scheu, 2005; Chen et al., 2019). Furthermore, organic matter 
input from organic residues like compost, sewage sludge and cover crop residues has been 
shown to increase CH4 uptake from the atmosphere (Brenzinger et al., 2018, 2021; Ho et al., 
2015b). This increases the GHG sink function of agricultural soils as well as the abundance 
of microbes involved in GHG consumption (Brenzinger et al., 2018, 2021). We expect that 
cover crop mixtures will be beneficial in enhancing methane uptake compared to cover 
crop monocultures. 

A four-year field experiment was established to study the effects of growth and their 
residue incorporation of cover crop monocultures and mixtures on microbial community 
and greenhouse gas fluxes within a common agricultural rotation. The aim of the field 
experiment was to test the following hypotheses: 

1.	 Cover crop mixtures increase microbial diversity and activity in the soil compared to 
cover crop monocultures by creating higher substrate diversity and availability for 
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the microbial community (increased presence of functional genes and increased 
nutrient cycling);

2.	 Cover crop mixtures reduce GHG emissions from soil by increased substrate use 
efficiency of the microbial community compared to cover crop monocultures;

3.	 The differences between cover crop mixtures and monocultures are most pronounced 
during cover crop residue decomposition in spring. After cover crop incorporation, 
high amounts of carbon are added to the soil. This is expected to be favorable for 
microbial activity leading to larger differences between treatments as compared to 
other moments during the year (e.g. cover crop growth and main crop growth).

Materials and methods

Experimental design
A field experiment was established in August 2016 at the experimental farm of Wageningen 
University Research (WUR), Wageningen, the Netherlands (51°59’41.9”N, 5°39’17.5”E) 
(as described by Porre (2020) thesis chapter 2). The agricultural history of the field was 
conventional arable rotation (e.g. potato, maize, wheat, and beetroot) with winter wheat 
grown in 2016 before the start of the experiment. The soil type is sandy (83% sand, 12% 
silt and 2% clay). Soil pH measured in water (1:2.5 (w/v) suspension of soil in water) was 
5.3 and soil organic matter content, measured as weight loss on ignition, was 3.1%. 
Temperature and rainfall over the experimental period are shown in Figure 1. The field 
experiment was set up as a randomized block-design with 5 blocks of 8 plots of 6*10m 
(Figure 2). Each block contained 1 replicate of 8 treatments consisting of 8 cover crop 
treatments sown in August: three single species (Raphanus sativus (R), Avena strigosa (A) 
and Vicia sativa (V)), all possible 2- and 3- species combinations of these single cover crops 
and a fallow treatment. The cover crops were sown in rows with row spacing of 12.5 cm 
and at a depth of 2 cm. Seeding rates of R. sativus, V. sativa and A. strigosa were 30 kg*ha-1, 
110 kg*ha-1 and 70 kg*ha-1 respectively, according to farmers’ practice. Species were mixed 
according to a replacement design, using 50% and 33% of each monoculture seeding rate 
(in the 2- and 3-species mixtures, respectively). To ensure good establishment, cover crops 
were fertilized with 30 kg*ha-1 in a form of calcium ammonium nitrate (CAN: 27% N - 6% 
CaO - 4% MgO). The fallow treatment was not fertilized. In 2016, weeds were removed by 
hand in September due to massive growth of Chenopodium album. The growing season 
of the cover crop ended in spring, latest in March (Figure 3). Cover crops were chopped 
and incorporated in the soil up to a depth of 5 cm by a cultivation machine. After at 
least 2 weeks of decomposition, the soil was prepared for the main crop and in all plots 
(including the fallow) a main crop was sown. The main crop changed every year according 
to a common Dutch agricultural rotation practice. The crop rotation is shown in Figure 3. 
Main crops were maize, potato and barley for 2017, 2018 and 2019 respectively. Maize 
(LG 31.211, supplied by Agrifirm, Apeldoorn, The Netherlands) was fertilized with 300 kg 
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K*ha-1 (Kali60), 59 kg P*ha-1 (Triple superphosphate) and 95 kg N*ha-1 (CAN). Herbicide was 
applied as roundup to avoid weed growth between the rows. Due to a drought period 
the maize was irrigated with water on the 20-6-2017 with twice 15 mm. Potato (variety 
“Eersteling”) was fertilized with 110 kg N*ha-1 (CAN), 46 kg P2O5*ha-1 and 60 kg K2O*ha-1. 
Barley (variety “IRINA”) was fertilized with 60 kg N*ha-1 (CAN).

Figure 1: Daily data from Veenkampen weather station of Wageningen University Research (WUR): grey bars 
represent rainfall in mm; red line is maximum day temperature and blue line is minimum day temperature.  
A: 1st of August 2016 until 31st of May 2018; B: 1st of June 2018 until 31st of March 2020

Figure 2: Drone image of the field including plot borders and treatment description. Letters inside plots indicate 
all different cover crop treatments with Fal: fallow treatment, V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa 
(oat) and combinations of letters are two or three species mixtures. The experimental plots are 6*10 m, space 
between the plots is 3 m within a block and 9 m between blocks.
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Figure 3: Timeline of the experiment. Stars indicate sampling time of cover crops in November, 12 weeks after 
sowing; triangles indicate incorporation time of cover residues into the soil; and arrows indicate time points 
when greenhouse gasses were measured. Colors indicate time approximately when cover crops (green) or main 
crops (yellow) were present and when the field was bare (brown).

Biomass of cover crop and main crop
Cover crop biomass was determined in November, 12 weeks after cover crop sowing, 
to estimate the maximum standing biomass present on the field. In an area of 2 m2, 
aboveground plant material was harvested. Weeds were removed and plant material was 
washed to remove adhering soil and weeds. During the last three years of the experiment, 
biomass of the individual cover crop species was separated. The aboveground plant 
material was dried at 70°C for 48 hours to estimate dry weight. In 2016, cover crop root 
biomass was estimated by sampling with a 12 cm × 30 cm × 30 cm (length*width*depth) 
frame, which was placed perpendicular on the rows so multiple rows were included in 
the sample. In 2017-2019, four root cores (8 cm Ø, 30 cm depth) were extracted. Two 
cores were sampled in the rows and two cores between the rows. Each core was divided 
into four depth layers, 0-5 cm, 5-10 cm, 10-20 cm and 20-30 cm. Samples from each plot 
were pooled together by depth. Root biomass was rinsed with water, in order to remove 
adhering soil and organic matter particles, and dried at 70 °C for 48 h.

In spring just before cover crop incorporation, aboveground biomass was harvested in 
2018, 2019 and 2020. One m2 was harvested and handled similarly as aboveground plant 
material harvested in November. 

Main crop biomass was determined in July or August by harvesting a net plot (excluding 
border rows) of 8 by 4 m (2017 maize, 2018 potato and 2019 barley) (Figure 3). Total 
aboveground biomass was measured for maize and barley. For potatoes, only tuber yield 
was estimated. A subsample of the biomass was dried at 70°C for 48 hours to determine 
the main crop dry weight.
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Soil samples
Soil samples were taken four times a year: 1 day after sowing cover crops in August, in 
November 12 weeks after cover crop sowing, before cover crop residue incorporation and 
two weeks after cover crop residue incorporation. Per plot, 7 random samples (0-20 cm) 
were pooled. These soil samples were used for nutrient and microbial analyses. The soil 
was sieved through a 4 mm sieve and frozen at -26°C for microbial analyses. Soil samples 
were dried at 40°C for 48 hours for nutrient analyses. 

Nutrient analyses
Nutrient content of both cover crops and main crop were measured. C and N was analyzed 
by grinding 1 mg of plant material (for cover crops harvested in November separated for 
above and belowground material), transferred to tin cups and analyzed with an Element 
Analyzer (Flash EA 1112, Thermo Scientific, Breda, The Netherlands).

Mineral nitrogen (NH4
+ and NO3

-) content of the soil was analyzed each sampling time 
by extraction with 0.01M CaCl2 (soil:liquid ratio of 1:10 (w/v)). After 2 hours of shaking at 
250 rpm, the suspension was centrifuged for 10 min at 3000 rpm and filtered through a 
Whatman Puradisc filter with CA membrane. Clear supernatant was stored for maximal 
1 day in the fridge at 4°C until analysis on the AutoAnalyzer (SEAL QuAAtro SFA system, 
Beun- de Ronde B.V. Abcoude, The Netherlands).

Soil organic matter (SOM) was determined by loss on ignition. Soil samples were dried 
at 105°C for 24 h and 20 g of dried soil was heated up to 550°C in a Nabertherm oven 
(Nabertherm GmbH, Lilienthal, Germany) for 24 hours and weighed. SOM was measured 
at the start of the experiment and 2 weeks after cover crop incorporation in the 3rd and 4th 
year of the experiment. 

Greenhouse gas fluxes
Greenhouse gas fluxes were measured regularly during cover crop growth, cover crop 
decomposition and main crop growth (Figure 3). GHG fluxes were measured just after 
sowing the cover crops in August, during cover crop growth in November, before 
cover crop incorporation in February and 1 day, 1 week and 2 weeks after cover crop 
incorporation and before sowing of the main crop. During main crop growth, GHGs were 
measured twice. In the first year of the experiment, we took monthly samples during 
cover crop growth. Greenhouse gasses were measured in static opaque PVC chambers, 
equipped with a battery driven internal ventilator for 1.5h. Chambers with a diameter of 30 
cm and 40 cm high were used (volume 28 L). PVC rings were inserted 5-10 cm into the soil 
and chambers were mounted on the rings, closed off by an internal rubber seal ensuring 
airtightness of the chamber system (Figure 4). The chambers were covered with isolation 
foil to prevent temperature increases inside the chamber during measurements. After 
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closing the chamber, headspace samples (60 ml) were collected after 0, 20, 40, 60, 75 and 
90 minutes using a disposable syringe equipped with a needle to penetrate the septum in 
the chamber sampling port. Roughly, 54 ml of sample was used to flush a 6 ml exetainer 
vial (Labco, UK). The last 6 ml of sample was introduced in the vial after removing the outlet 
needle, thereby creating an overpressure of 1 bar in the vial. The vials were stored at room 
temperature until analysis. CO2, N2O and CH4 were measured simultaneously in the same 
sample. Samples from the exetainers were introduced into a GC using an autosampler 
(TriPlus RSH, Thermo Fisher Scientific, Bleiswijk, The Netherlands) connected to a gas 
chromatograph (GC1300, Thermo Fisher Scientific) equipped with a Methanizer and a 
Flame Ionization Detector (FID) to detect CO2 and CH4 and an electron capture detector 
(ECD) for detection of N2O. The gas chromatograph contained two sets of a pair Rt-Q-
Bond capillary columns (L; 15m and 30m, ID; 0.53mm, Restek, Interscience, Breda, The 
Netherlands). Nitrogen was used as a carrier gas, and oven temperature was set at 80 °C. 
Chromeleon™ Chromatography Data System 7.1 (CDS, Thermo Fisher Scientific) software 
was used to analyze the obtained gas chromatograms from the GC. Fluxes were calculated 
based on the accumulation or reduction over the 1.5h measured. Gas concentrations were 
calculated in ppm values by comparing with calibration curves, which were generated 
by dilution of a certified gas mixture (1 ppm N2O, 2 ppm CH4 and 2000 ppm CO2; Linde 
Gas, The Netherlands). The concentrations (ppm) were converted into absolute amounts 
(mmol) using the ideal gas law: pV = nRT in which p is the pressure in the flux chamber 
(assuming equal to outside pressure), V is the volume, n is the amount of gas in mol, R is the 
gas constant (8.31 J*K-1mol-1) and T is the temperature. Afterwards we used the measured 
GHG fluxes to determine fluxes per m2 (surface area of the chamber was 0.071 m2). 

Figure 4: Chambers for measurements of GHG fluxes. A: schematic drawing of the chamber; B: picture of ring 
inserted in the soil; C and D: picture of chamber installed in the field during cover crop growth (C) and after cover 
crop incorporation covered by isolation foil (D).

Microbial activity assays
Four activity assays (nitrification (Coci, Bodelier and Laanbroek, 2008), denitrification 
(Philippot et al., 2013; Kim et al., 2015), N2-fixation (Hardy, Burns and Holsten, 1973) and 
methane oxidation (Bodelier et al., 2013; Ho et al., 2015a)) were performed both in the first 
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year and in the last year 2 weeks after cover crop incorporation. The activity assays were 
conducted after sieving wet soil through 4 mm sieves. Gravimetric water content of the 
soil was determined to be able to calculate a normalized activity per gram of dry soil. 

Nitrification was measured as described by Coci, Bodelier and Laanbroek (2008). 5 g of wet 
soil was weighed into 50 ml bottles and 25 ml medium consisting of 5 mM (NH4)2SO4, 0.8 
mM K2HPO4 and 0.2 mM KH2PO4 in MilliQ water with a pH of 7.5 was added to the bottles. 
Bottles were incubated at room temperature. Slurry samples were collected over a 5 day 
period at approximately 0, 3, 6, 18, 24, 48, 72 and 96 hours after the start of the incubation. 
The soil slurry was centrifuged at 16100 g for 10 minutes. The supernatant was transferred 
to a new tube and stored at -20°C before analysis of NO3

--N with an AutoAnalyzer (SEAL 
QuAAtro SFA system, Beun- de Ronde B.V. Abcoude, The Netherlands). Short-term 
potential nitrification rates were calculated based on the first 5 sampling times (until 24h 
from the start, with no or limited growth of nitrifying microbes) and long-term potential 
nitrification rates were measured based on the results on the last three days (potential 
increase of nitrifying microbes). 

Denitrification was analyzed using the acetylene inhibition method (Philippot et al., 2013; 
Kim et al., 2015). 10 g of fresh soil was supplemented with 15 ml of 1 mM KNO3 in MilliQ 
water in 120 ml bottles. An additional carbon source was not added to be able to measure 
denitrification fed by the carbon of the cover crop residues present in the soil. Bottles 
were closed with rubber stoppers and aluminum caps (SUPELCO open center seals, 20 
mm). 10% of acetylene was added in the headspace to prevent complete denitrification 
from N2O to N2. Bottles were incubated in the dark at room temperature on a gyratory 
shaker at 120 rpm. Oxygen was not removed from the bottles. N2O concentration was 
measured at 0, 3, 18 and 24h on the GC (GC1300, Thermo Fisher Scientific). Denitrification 
activity was calculated based on the increase of N2O over these time points. 

N2-fixation of free living bacteria in the soil was measured using 10 g of fresh soil in 120 ml 
bottles amended with 10% acetylene in the headspace (Hardy, Burns and Holsten, 1973). 
The bottles were closed with rubber stoppers and aluminum caps (SUPELCO open center 
seals, 20 mm). The conversion of acetylene to ethylene is a proxy of the N2-fixation rate. 
Ethylene concentration was measured 0, 24 and 48 hours after the start of the incubation 
on the GC (Trace Ultra GC, Thermo Fisher Scientific) equipped with a Thermal Conductivity 
Detector (TCD) to detect C2H4. The gas chromatograph contained Rt-Q-Bond capillary 
columns (Restek, Interscience, Breda, The Netherlands). Chromeleon™ Chromatography 
Data System 7.1 software (CDS, Thermo Fisher Scientific) was used to analyze the 
obtained chromatograms from the GC. Helium and H2 were used as carrier and burning 
gas, respectively. Gas concentrations were calculated in ppm values by comparing with a 
calibration curve, which was generated by dilution of a pure ethylene gas (concentrations 
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from 1 to 100ppm). The increase of ethylene over time, was used to calculate the potential 
N2 fixation by free living diazotrophs.

Near atmospheric methane oxidation rates were measured using 10 g of soil in 120 ml 
bottles closed with rubber stoppers and aluminum caps (SUPELCO open center seals, 
20 mm) (Bodelier et al., 2013; Ho et al., 2015a). Methane (quality 4.5; Linde Gas, The 
Netherlands) was added to the headspace to reach 10 ppmv of CH4. During a period of 
1 month, CH4 concentration was measured in the incubations by using a GC (Trace Ultra 
GC, Thermo Fisher Scientific) equipped with Rt-Q-Bond (L; 30 m, ID; 0.32 mm) capillary 
column and FID. The temperature of the column, injector and detector was adjusted to 
80, 150, and 250 °C, respectively. Helium and H2 were used as the carrier and burning 
gases, respectively. Linear regression of the methane concentration over time was used to 
calculate the methane oxidation rate in the soil. 

Microbial community composition 
The composition of the microbial community as well as abundance of bacteria/fungi and 
specific functional microbial guilds was analyzed using MiSeq Illumina sequencing and 
qPCR. DNA was extracted using DNeasy Powersoil Pro Kit (Qiagen, Venlo, The Netherlands) 
using 0.25 g of soil according to the instructions provided by the supplier. The quantity 
and quality of the extracted DNA was analyzed with a spectrophotometer (Nanodrop 
2000, Thermo Scientific). Bacterial and fungal copy numbers were measured using qPCR. 
qPCR assays were used to target the 16S rRNA gene for bacteria and ITS region for fungi. 
Each assay was performed with 2 ng*µL-1 of DNA in duplicates for each DNA extract with 
the primer pair EUB338 and EUB518 for bacteria (Fierer et al., 2005) and ITS1 and 5.8S 
for fungi (Fierer et al., 2005). Each qPCR (total volume of 15 µL) consisted of 7.5 µL 29 
SensiFAST SYBR (BIOLINE) for ITS and 7.5 µL I taq SYBRGreen (Biorad) for 16S rRNA gene, 
0.75 µL of forward and reverse primers each, 1.5 µL of bovine serum albumin (5 mg*mL-1; 
Invitrogen), 1.5 µL DNase- and RNase-free water and 3 µL of the template DNA. Standard 
curves were obtained using 10-fold dilution series of a known amount of plasmid DNA 
from isolates of Collimonas sp. (108 to 101 gene copies) containing the 16S rRNA gene 
fragment for bacteria and Trichoderma koningii (EF4/TIS4) containing the ITS region for 
fungi. The qPCR was performed with a C1000 Touch Thermal Cycler (CFX-real-Time system, 
Bio-Rad Laboratories, Inc.). As negative control, water was used instead of template DNA. 
Efficiencies for bacterial assays were between 105.9 and 136.5 % with r2 values between 
0.905 and 0.929. For the fungal assays, the efficiencies were between 63.4 and 69.4% with 
r2 values between 0.967 and 0.999. 

qPCR of functional genes were performed to determine possible differences between 
treatments in genes related to nitrogen cycling (nosZI, nosZII, nifH, amoA bacteria and 
amoA archaea) and methane oxidation (pmoA) as described by Brenzinger et al. (2018). A 
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short description is given here. Each assay was performed with 2.5 µL of DNA. For pmoA we 
used 10 µL of 29 SensiFAST SYBR (BIOLINE), 2 µL of each primer pair, 1 µL of bovine serum 
albumin and 2.5 µL DNase- and RNase-free water. For all other functional genes, each qPCR 
consisted of 7.5 µL of 29 SensiFAST SYBR (BIOLINE), 0.75 µL of each primer pair, 0.75 µL of 
bovine serum albumin and 2.75 µL DNase- and RNase-free water. The specific primers and 
program are shown in Table 1. Standard curves were obtained using serial 10-fold dilutions 
of a known amount of plasmid DNA from different pure cultures representing the target 
gene fragment (108–101 gene copies) containing the respective gene fragment (plasmid 
Methylosinus trichosporium OB3b for pmoA; vector pCR2.1 Pseudomonas stutzzeri for nosZI 
and nosZII; plasmid PCR4-topo Nitrososphaera viennensis EN76 for amoA archaea; plasmid 
PCR4-topo N. multiformis ATCC25196 for amoA bacteria; and plasmid pol 1 for nifH). The 
qPCRs were performed with a C1000 Touch Thermal Cycler (CFX-real-Time system, Bio-
Rad Laboratories, Inc.). As negative control, water was used instead of template DNA. The 
efficiencies of the qPCR were between 73.9 and 88.2 (pmoA), 87.7 and 89.1 (nosZI), 59.4 
and 61.4 (nosZII), 80.3 and 84.3 (nifH), 97.8 and 99.8 (amoA bacteria) and 92.2 and 135.3 
(amoA archaea) with r2 values between 0.975 and 0.998. 

Microbial diversity was assessed using Illumina Miseq amplicon sequencing in the last 
year. DNA samples were send for bacterial and fungal sequencing using Illumina MiSeq 
PE250, which was performed by McGill University and Genome Quebec Innovation 
Centre, Montreal, Canada. The following primers were used for sequencing: EUB515f/806r 
(Caporaso et al., 2011) and ITS4r/9f (Ihrmark et al., 2012) for bacteria and fungi, respectively. 
The resulting sequences can be accessed at the European Nucleotide Archive (accession 
number PRJEB49947).
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Bioinformatic analyses 
For bacterial and fungal communities, bioinformatics pipeline and subsequent analyses 
were conducted using R v4.02 (Team, 2019). Forward and reverse PCR primers were 
removed from the reads by using the cutadapt plugin v2.10 (Martin, 2011) with the 
DADA2 v1.8 pipeline, and then demultiplexed paired-end fastq files processing (Callahan 
et al., 2016). Forward and reverse reads were trimmed to 200 base pairs and 190 base 
pairs, respectively, and at the location of the first occurrence of a base calls or containing 
greater than or equal to 18 estimated errors, and merged with a minimum overlap of 12 
bases. Chimeric sequences were removed and merged reads dereplicated. Taxonomy was 
assigned to amplicon sequence variants (ASVs) using the SILVA v138 database (McLaren, 
2020). 

The read counts in ASV table were filtered based on taxonomy to remove unknown taxa 
at Phylum level and chloroplasts reads. The ASVs abundance were summarized at Genus 
taxonomic level. Low-occurring microbes were defined as being presence in less than 5 
samples and aggregated into a single variable named ‘rare’. Then, data were transformed 
to the center log-ratio (CLR) using the Bayesian-multiplicative replacement of count zeros 
(CZM method). The filtered ASV table was used for alpha-diversity and beta-diversity 
determination of bacterial and fungal communities using R with the package phyloseq 
version 1.34.0.

Statistical analyses
The data were analyzed with R (version 4.0.3) with attached packages: agricolae, car 
and plyr for statistical analysis; ggplot2, grid and gridExtra for making figures; and dplyr, 
survival, Formula and Hmisc for making correlation tables. First, the data were tested for 
the assumption of normality and for homogeneity of variances. In the case of violation of 
the assumption, log transformation was used to meet the criteria for parametric statistical 
testing. The data were analyzed for significant treatment effects using a mixed linear model 
and Anova. A post hoc Tukey test was used to identify the significant differences between 
the treatments. The greenhouse gas fluxes were analyzed using repeated measures Anova 
as samples were taken repeatedly from the same location in the field. We tested if the 
treatments were significantly different from each other (p < 0.05), but also if the cover crop 
treatments were different from the fallow treatment and if cover crop mixtures performed 
differently compared to cover crop monocultures.

Correlations were calculated between the GHG fluxes, soil measurements (microbial 
activity assays, mineral N) and plant data (biomass and carbon and nitrogen content). 
To determine correlations between the different measurements, data were grouped 
together in three different groups according to the season in the agricultural field: (1) cover 
crop growth, (2) cover crop decomposition and (3) main crop growth. If a measurement 
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was taken several times within a season, averages were calculated before estimating 
correlation between the different measurements. For example, soil samples were taken at 
four time points: in August (3), November (1), February (1) and March (2) two weeks after 
cover crop incorporation. 

Results

Cover crop and main crop biomass
Cover crop biomass was harvested in November each year, 12 weeks after sowing (Figure 5).  
Total cover crop biomass in mixtures was not significantly different from the most 
productive monoculture each year. Monoculture of V. sativa (V) was each year the least 
productive, while R. sativus (R) was most productive in 2017 and A. strigosa (A) in 2016, 
2018 and 2019. Root biomass was significantly higher in treatments with taproot of R. 
sativus (R) present (p = 4.64*10-10). The last three years of the experiment, one of the 
mixtures had the highest measured total biomass (VRA in 2017, VR in 2018 and RA in 
2019). In the last 3 years of the experiment aboveground cover crop biomass was also 
measured just before cover crop incorporation to have an estimation of the biomass 
incorporated in the soil (Figure 6). In 2018 and 2019 cover crop (CC) biomass in spring was 
not significantly different between monocultures and mixtures excluding low V. sativa (V) 
biomass. In 2020, A and VA had significantly more standing biomass compared to V, R and 
VR. In all years, aboveground cover crop biomass significantly decreased from November 
to February (p = 0.00099).

Main crop biomass did not significantly differ between the treatments. Only in 2018, 
potato yield was reduced in the fallow treatment compared to VR and RA treatments 
(Figure 7).

Carbon and nitrogen content were measured for total cover crop biomass in November 
and main crop biomass (Tables 2-4). Carbon content showed similar results compared to 
cover crop and main crop biomass. Treatments with leguminous V. sativa (V) had higher N 
content in the plant material. This resulted in highest N content present in the VR treatment 
in most years. In the main crops, nitrogen content was only significantly different between 
the treatments in 2019 (barley). VR and VRA treatments resulted in significantly higher N 
compared to the fallow treatment. 
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Figure 5: Cover crop biomass harvested in November each year (12 weeks after cover crop sowing). A-D 
aboveground biomass, E-H belowground biomass; A and E 2016, B and F 2017, C and G 2018, and D and H 2019. 
Letters on the x-axis indicate all different cover crop treatments with V: V. sativa (vetch), R: R. sativus (radish), A: 
A. strigosa (oat) and combinations of letters are two or three species mixtures. Aboveground biomass was split 
in species in 2017, 2018 and 2019. Bars are averages of 5 replicates ± SE. Letters indicate significant differences 
between the treatments (analyzed by Anova with post-hoc Tukey test with significance level p < 0.05).

Figure 6: Aboveground cover crop biomass harvested in spring (February or March) just before cover crop 
incorporation: A: 2018, B: 2019, C: 2020. Letters on the x-axis indicate all different cover crop treatments with 
V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two or three species 
mixtures. Bars are averages of 5 replicates +/- SE. Letters indicate significant differences between the treatments 
(analyzed by Anova with post-hoc Tukey test with significance level p < 0.05).

Figure 7: Main crop biomass: A 2017 aboveground biomass maize, B 2018 potato tuber yield, C 2019 aboveground 
biomass barley split in shoot and grain. Letters on the x-axis indicate all different cover crop treatments with Fal: 
fallow treatment, V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two 
or three species mixtures. Bars are averages of 5 replicates +/- SE. Letters indicate significant differences between 
the treatments (analyzed by Anova with post-hoc Tukey test with significance level p < 0.05).
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Table 2: Carbon and nitrogen content of both aboveground and belowground cover crops harvested in 
November (mean ± SE). Letters of the cover crop treatments indicate V: V. sativa (vetch), R: R. sativus (radish), 
A: A. strigosa (oat) and combinations of letters are two or three species mixtures. Letters indicate significant 
differences between the cover crop treatments in each year (analyzed by Anova with post-hoc Tukey test with 
significance level p < 0.05).

2016 2017 2018 2019

C (kg*ha-1) N (kg*ha-1) C (kg*ha-1) N (kg*ha-1) C (kg*ha-1) N (kg*ha-1) C (kg*ha-1) N (kg*ha-1)

V 903.16 ± 
75.41 A

79.60 ± 
7.50 A

533.96 ± 
62.61 A

48.12 ± 
8.81 A

592.07 ± 
111.68 A

47.93 ± 
11.42 A

679.62 ± 
112.66 A

56.73 ± 
10.28 A

R 1742.04 ± 
230.43 B

71.59 ± 
9.53 A

1368.37 ± 
130.89 BCD

88.85 ± 
11.86 AB

3047.68 ± 
691.38 AB

191.03 ± 
55.30 B

1472.69 ± 
148.79 A

81.94 ± 
8.78 AB

A 2698.62 ± 
203.75 D

95.22 ± 
9.08 A

1115.26 ± 
166.54 ABC

66.77 ± 
15.30 A

4765.57 ± 
1811.80 B

199.92 ± 
66.64 B

1643.46 ± 
79.90 A

74.59 ± 
4.88 A

VA 2499.09 ± 
89.18 CD

106.96 ± 
6.19 A

821.08 ± 
71.55 AB

54.80 ± 
5.19 A

2696.66 ± 
83.37 AB

129.56 ± 
9.80 B

1294.60 ± 
195.41 A

75.20 ± 
13.84 A

VR 1820.03 ± 
73.16 BC

94.64 ± 
6.71 A

1805.03 ± 
79.94 D

129.57 ± 
12.49 B

2778.16 ± 
383.12 AB

163.73 ± 
13.32 B

1546.99 ± 
116.31 A

117.20 ± 
3.28 B

RA 2274.36 ± 
141.57 BCD

83.16 ± 
9.13 A

1398.99 ± 
92.14 BCD

91.03 ± 
11.29 AB

2801.09 ± 
430.54 AB

157.09 ± 
25.55 B

1814.63 ± 
126.79 A

90.87 ± 
8.87 AB

VRA 2206.95 ± 
172.12 BCD

98.82 ± 
8.78 A

1463.51 ± 
244.97 CD

93.41 ± 
18.67 AB

2412.90 ± 
413.64 AB

132.39 ± 
22.35 B

1354.60 ± 
21.73 A

94.55 ± 
6.57 AB

Table 3: Carbon and nitrogen content of main crops (mean ± SE): 2017 maize aboveground plant material, 2018 
potato tubers, and 2019 barley aboveground plant material. Letters of the cover crop treatments indicate Fal: 
fallow treatment, V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two 
or three species mixtures. Letters indicate significant differences between the cover crop treatments in each year 
(analyzed by Anova with post-hoc Tukey test with significance level p < 0.05).

2017 Maize 2018 Potato 2019 Barley

C (Mg*ha-1) N (kg*ha-1) C (Mg*ha-1) N (kg*ha-1) C (Mg*ha-1) N (kg*ha-1)

Fal 8.54 ± 0.19 A 227.72 ± 5.88 A 13.80 ± 1.24 A 464.83 ± 38.18 A 3.33 ± 0.10 A 91.65 ± 3.47 A

V 8.29 ± 0.31 A 218.54 ± 14.33 A 15.64 ± 0.67 A 513.88 ± 23.63 A 4.09 ± 0.18 A 110.79 ± 4.36 AB

R 8.32 ± 0.24 A 226.33 ± 7.89 A 15.40 ± 0.45 A 545.72 ± 25.70 A 3.40 ± 0.40 A 108.02 ± 8.98 AB

A 8.44 ± 0.16 A 209.32 ± 5.79 A 14.59 ± 0.61 A 492.85 ± 21.91 A 3.55 ± 0.36 A 101.59 ± 10.15 AB

VA 8.69 ± 0.12 A 220.65 ± 12.63 A 14.96 ± 0.82 A 524.70 ± 36.44 A 3.80 ± 0.35 A 119.61 ± 7.27 AB

VR 8.59 ± 0.08 A 238.36 ± 10.54 A 15.74 ± 0.64 A 516.49 ± 22.46 A 4.11 ± 0.23 A 130.70 ± 5.47 B

RA 8.76 ± 0.24 A 234.99 ± 3.64 A 16.04 ± 0.76 A 548.19 ± 30.95 A 4.03 ± 0.21 A 120.16 ± 3.80 AB

VRA 8.11 ± 0.17 A 230.92 ± 11.20 A 15.04 ± 0.66 A 510.52 ± 25.04 A 3.97 ± 0.24 A 128.62 ± 4.32 B
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Table 4: Carbon and nitrogen content of cover crops harvested in spring 2020 (mean ± SE). Letters of the cover 
crop treatments indicate V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters 
are two or three species mixtures. Letters indicate significant differences between the cover crop treatments in 
each year (analyzed by Anova with post-hoc Tukey test with significance level p < 0.05).

2020

C (kg*ha-1) N (kg*ha-1)

V 376.14 ± 39.05 A 33.07 ± 3.21 A

R 329.52 ± 75.67 A 38.52 ± 8.49 AB

A 1716.20 ± 108.43 D 81.55 ± 5.00 C

VA 1272.21 ± 178.20 CD 77.09 ± 10.28 BC

VR 630.73 ± 133.34 AB 69.99 ± 15.66 ABC

RA 983.69 ± 125.96 BC 74.51 ± 6.33 BC

VRA 783.24 ± 120.48 ABC 67.87 ± 7.32 ABC

Soil nutrients
Soil mineral N was measured three or four times each year (Figure 8). Only in the second year 
of the experiment, the mineral N content differed between mixtures and monocultures 
in August (p = 0.014), where the VR combination showed significantly higher mineral N 
content as compared to oat (A) alone (Figure 8E). In all years, soil mineral N content was 
lowest in the samples taken in November (Figure 8B, 8F, 8J and 8N). In the first and last 
year of the experiment, soil mineral N content under V. sativa (V) was significantly higher 
compared to the other treatments (p < 0.001 and p = 0.0056 respectively for year 1 and 
4) (Figure 8B and 8N). In the first and last year, mineral N was also measured just before 
cover crop incorporation. We found no significant differences between the treatments 
(Figure 8C and 8O). Two weeks after cover crop incorporation (Figure 8D, 8H, 8L and 8P), 
soil mineral N was higher in cover crop treatments compared to the fallow treatment in 
the first and third year of the experiment with either VR or RA as treatment with highest 
mineral N (analyzed by Anova with posthoc Tukey test with significance level p < 0.05 for 
each individual time point). 
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Figure 8: Soil mineral N (NO3
- and NH4

+) of each measured time point. A, E, I and M: measurement at sowing 
time cover crops before fertilization; B, F, J and N: measurement in November 12 weeks after cover crop sowing; 
C and O: measurement before cover crop incorporation; and D, H, L and P: measurements 2 weeks after cover 
crop incorporation. In 2018 and 2019, soil samples were not analyzed before cover crop incorporation (G and 
K). Letters on the x-axis indicate all different cover crop treatments with Fal: fallow treatment, V: V. sativa (vetch), 
R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two or three species mixtures. Bars are 
averages of 5 replicates +/- SE. Letters indicate significant differences between the treatments at each individual 
time point of total mineral N measured (NO3

- and NH4
+) (analyzed by Anova with post-hoc Tukey test with 

significance level p < 0.05). 

Microbial diversity
Bacterial and fungal DNA were analyzed with Illumina sequencing to estimate microbial 
diversity of the last year. The diversity indices richness, Chao1 and Shannon-index were 
used to determine differences between the treatments at each measured time point. 
Both richness measurements (Observed and Chao1) and evenness (Shannon) were not 
significantly different between the treatments (p > 0.05) for both bacteria and fungi 
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(Figure 9 and 10). Cover crop treatments were not significantly different from the fallow 
treatment. Furthermore, neither the treatments nor the time points did group differently 
in NMDS plot for both bacteria and fungi (Figure 11). 

Figure 9: Bacterial diversity indices (richness, Chao1 and Shannon index) of year 4 at all different time points. A: 
August; B: November 12 weeks after cover crop sowing; C: February before cover crop incorporation; D: 2 weeks 
after cover crop incorporation. Letters on the x-axis indicate all different cover crop treatments with Fal: fallow 
treatment, V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two or three 
species mixtures. Boxplots represent “minimum”, first quartile (Q1), median, third quartile (Q3), and “maximum”. 
Each individual sample is represented by the colored dots in the figure. Black diamonds represent the mean. 
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Figure 10: Fungal diversity indices (richness, Chao1 and Shannon index) of year 4 at all different time points. A: 
August; B: November 12 weeks after cover crop sowing; C: February before cover crop incorporation; D: 2 weeks 
after cover crop incorporation. Letters on the x-axis indicate all different cover crop treatments with Fal: fallow 
treatment, V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two or three 
species mixtures. Boxplots represent “minimum”, first quartile (Q1), median, third quartile (Q3), and “maximum”. 
Each individual sample is represented by the colored dots in the figure. Black diamonds represent the mean.
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Figure 11: NMDS plot of microbial diversity of year 4. A: 16S, B: ITS. The colors indicate the 4 different time 
points: 1: August; 2: November 12 weeks after cover crop sowing; 3: February before cover crop incorporation; 4: 
2 weeks after cover crop incorporation. Letters of the codes indicate all different cover crop treatments with Fal: 
fallow treatment, V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two 
or three species mixtures.

qPCR results
Abundance of bacteria and fungi were measured for each soil sampling event in the first 
and last year of the experiment. For the functional genes, qPCR analyses were only done 
at the start and at the end of the experiment, concomitant with microbial activity assays. 

Both bacterial and fungal gene copy numbers did not significantly differ between the 
treatments (p = 0.65 and p = 0.20, for 16S and ITS respectively) at each individual time point 
tested using mixed linear model and Anova (Figure 12 and 13). Cover crops (mixtures) 
did not increase bacterial and fungal biomass, even not after cover crop incorporation 
in spring (Figure 12D, 12H, 13D and 13H). However, significant differences were present 
between the measured time points regardless of the treatments (p < 2.2*10-16 and p = 
7.91*10-14, for 16S and ITS respectively) (Figure 12 and 13). Bacterial biomass was high at 
the start and at the end of the experiment with reduced amount at the other measured 
time points (Figure 12). Fungal biomass was significantly higher in the last year compared 
to the first year (Figure 13). 

The functional genes (pmoA, amoA bacteria, amoA archea, nosZI, nosZII and nifH) were 
not significantly different at the start of the experiment between the treatments. In the 
last year, 2 weeks after cover crop incorporation (Figure 14), only amoA bacteria was 
significantly different (p = 0.0038) with R and RA having higher copy numbers of amoA 
bacteria compared to the fallow treatment (Figure 14B). 
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Figure 12: 16S copy numbers per gram soil measured year 1 (A-D) and year 4 (E-H). A and E: August; B and F: 
November 12 weeks after cover crop sowing; C and G: March/February before cover crop incorporation; D and H: 
2 weeks after cover crop incorporation. Letters on the x-axis indicate all different cover crop treatments with Fal: 
fallow treatment, V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two 
or three species mixtures. Bars are averages of 5 replicates +/- SE. Numbers on top of y-axis indicate significant 
differences between the time points, treatments were not significantly different at all individual time points 
(analyzed by Anova with post-hoc Tukey test with significance level p < 0.05).

Figure 13: ITS copy numbers per gram soil measured year 1 (A-D) and year 4 (E-H). A and E: August; B and F: 
November 12 weeks after cover crop sowing; C and G: March/February before cover crop incorporation; D and H: 
2 weeks after cover crop incorporation. Letters on the x-axis indicate all different cover crop treatments with Fal: 
fallow treatment, V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two 
or three species mixtures. Bars are averages of 5 replicates +/- SE. Numbers on top of y-axis indicate significant 
differences between the time points, treatments were not significantly different at all individual time points 
(analyzed by Anova with post-hoc Tukey test with significance level p < 0.05).
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Figure 14: Copy numbers of functional genes at the last measured time point (two weeks after cover crop 
incorporation after 4 years). A: pmoA, B: amoA bacteria, C: amoA archea, D: nosZI, E: nosZII and F: nifH. Letters on 
the x-axis indicate all different cover crop treatments with Fal: fallow treatment, V: V. sativa (vetch), R: R. sativus 
(radish), A: A. strigosa (oat) and combinations of letters are two or three species mixtures. Bars are averages of 
5 replicates +/- SE. Letters in bars of amoA bacteria (B) indicate significant differences between the treatments. 
Treatments were not significantly different for all other genes (analyzed by Anova with post-hoc Tukey test with 
significance level p < 0.05).

Microbial activity assays
Activity assays were measured in the first year and at the end of the experiment, 2 weeks 
after cover crop incorporation. In the first year, we did not find significant differences 
between the treatments at all measured time points. At the end of the experiment after 4 
years of cover crops and 2 weeks after cover crop incorporation, both denitrification and 
nitrification were lower in the fallow treatment compared to the three species mixture 
(Figure 15A and B). Initial nitrification rate was highest in treatments including R. sativa (R, 
VR and VRA significantly different from fallow and A. strigosa monoculture). Nitrification rate 
correlated significantly positive (r = 0.315, p = 0.047) with measured gene copy numbers of 
bacterial amoA. Methane oxidation rate was not significantly different between treatments 
(Figure 15C). For N2-fixation, measured as ethylene production, we did not find significant 
activity in any of the treatments. For all analyzed activity assays, we found only significant 
differences between single species treatments and mixtures for initial nitrification with 
mixtures having higher nitrification compared to monocultures, (p = 0.25, p = 0.036, p = 0.62 
for denitrification, initial nitrification and methane oxidation, respectively). 

Soil mineral N and gravimetric water content of the soil were measured at the same time 
point as these activity assays (Table S1). Denitrification rates correlated negatively with 
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soil mineral N (r = -0.27, p = 0.014) and positively with nitrification rate (r = 0.46, p < 0.001) 
while water percentage correlated positively with denitrification rate (r = 0.68, p < 0.001) 
and negatively with nitrification rate (r = -0.87, p < 0.001).

Figure 15: activity assays in year 4, 2 weeks after cover crop incorporation. A: denitrification, B: nitrification and 
C: methane oxidation. Letters on the x-axis indicate all different cover crop treatments with Fal: fallow treatment, 
V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two or three species 
mixtures. Bars are averages of 5 replicates +/- SE. Letters indicate significant differences between treatments. As 
treatments were not significantly different for methane oxidation, letters are not shown here (analyzed by Anova 
with post-hoc Tukey test with significance level p < 0.05).

Greenhouse gas fluxes
Greenhouse gas (GHG) fluxes were measured regularly during 4 years of the experiment. 
CO2 fluxes were fluctuating over the years (Figure 16). N2O fluxes were negligible during 
cover crop growth, but peaked during cover crop decomposition (Figure 17). CH4 fluxes 
were most of the time negative indicating uptake of CH4 in the soil (Figure 18). 

Analysis at individual measured time points did not result in significant differences between 
the treatments. However, when analyzing average GHG fluxes between the different 
seasons with repeated measures Anova (cover crop growth, cover crop decomposition or 
main crop growth) significant differences were observed for CO2 (p = 6.77*10-8) and N2O (p 
= 1.25*10-6) but not for CH4 (p = 0.128) (Table S2). During the main crop season, GHG fluxes 
were not significantly different (p = 0.138, p = 0.513 and p = 0.328 for CO2, N2O and CH4 
respectively). CO2 emissions (plant and soil respiration) were lower in the fallow treatment 
than during cover crop growth (p = 0.00786) and decomposition (p = 5.81*10-5). However, 
the three species mixture was not significantly different from the fallow treatment (Figure 
19). N2O emissions were not significantly different between the treatments during cover 
crop growth (p = 0.841). Only during cover crop decomposition, the VR mix showed 
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significantly increased N2O emissions compared to the fallow treatment (p = 1.19*10-04, 
Figure 20). Differences occurred mainly between cover crop treatments and the fallow 
treatment and not between single species and mixtures. Furthermore, differences 
between treatments were most pronounced during cover crop decomposition. 

Weather data during the experimental period were used to analyze correlation with 
GHG fluxes. Rainfall was calculated cumulative for 14 days before GHG measurements to 
take into account the weather history of the field. CO2 fluxes did correlate positively with 
temperature (r = 0.34, p < 0.0001) and negatively with rainfall (r = -0.13, p < 0.0001). N2O 
fluxes correlated positively with both temperature and rainfall, but the correlations were 
weak (r = 0.054, p = 0.040 and r = 0.055, p = 0.038 respectively).

To compare data that was measured less frequently with GHG fluxes, GHG data was 
merged in 3 groups following seasonal differences (cover crop growth, cover crop 
decomposition and main crop growth). Averages of the individual measurements within 
these seasonal groups per year were used to analyze correlation with other data (plant 
biomass, nutrient content in plant and soil, qPCR results, activity assays) (Table S1). Only 
significant relationships are described here. CO2 fluxes did correlate significantly with soil 
water content (% water determined by drying of fresh soil) measured in the soil (r = -0.34, 
p = 0.0017), soil organic matter (SOM) content (r = 0.36, p = 0.00094) and soil mineral N (r 
= 0.17, p = 0.034) during cover crop decomposition. N2O fluxes did correlate significantly 
with soil water percentage (r = 0.36, p = 0.00087) and SOM percentage (r = 0.22, p = 
0.049). Aboveground cover crop biomass harvested before cover crop incorporation did 
not correlate with GHG fluxes. Standing biomass measured in November did correlate 
positively with both CO2 and N2O emissions (r = 0.241, p = 0.0041 and r = 0.239, p = 
0.0044 respectively). Higher biomass resulted in increased respiration and GHG emissions 
measured during cover crop growth (Table S1). 

CO2 and N2O fluxes correlated significantly with bacterial and fungal biomass (qPCR 16S 
rRNA gene and ITS region), whereas CO2 fluxes were negatively correlated with microbial 
biomass (r = -0.48, p < 0.0001 and r = -0.43, p < 0.0001 for 16S rRNA gene and ITS region, 
respectively), N2O fluxes were positively correlated (r = 0.26, p = 0.019 and r = 0.19, p < 0.087 
for 16S rRNA gene and ITS region, respectively). Measured nitrification and denitrification 
activity at the end of the experiment during cover crop decomposition correlated 
significantly with CO2 as well as with N2O fluxes. Nitrification correlated positively with CO2 
(r = 0.563, p < 0.001) and negatively with N2O (r = -0.249, p = 0.026), while denitrification 
showed the opposite result (r = -0.306, p = 0.0058 and r = 0.238, p = 0.033 for CO2 and N2O, 
respectively) (Table S1). 
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Figure 16: CO2 fluxes of all 4 years starting from August 2016 until March 2020. A: first year -, B: second year -, 
C: third year -, D: last year of the experiment. Treatment letters indicate Fal: fallow treatment, V: V. sativa (vetch), 
R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two or three species mixtures. Points are 
averages of 5 replicates +/- SE. Time on x-axis indicate measured time point, 1day/1week/etc. are measurements 
after cover crop incorporation before main crop was present.

Figure 17: N2O fluxes of all 4 years starting from August 2016 until March 2020. A: first year -, B: second year -, 
C: third year -, D: last year of the experiment. Treatment letters indicate Fal: fallow treatment, V: V. sativa (vetch), 
R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two or three species mixtures. Points are 
averages of 5 replicates +/- SE. Time on x-axis indicate measured time point, 1day/1week/etc. are measurements 
after cover crop incorporation before main crop was present.
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Figure 18: CH4 fluxes of all 4 years starting from August 2016 until March 2020. A: first year -, B: second year -, 
C: third year -, D: last year of the experiment. Treatment letters indicate Fal: fallow treatment, V: V. sativa (vetch), 
R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two or three species mixtures. Points are 
averages of 5 replicates +/- SE. Negative emissions are methane uptake into the soil. Time on x-axis indicate 
measured time point, 1day/1week/etc. are measurements after cover crop incorporation before main crop was 
present.

Figure 19: Average CO2 fluxes measured over the whole experiment (A) and in spring during cover crop 
decomposition (B). Letters on the x-axis indicate all different cover crop treatments with Fal: fallow treatment, 
V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two or three species 
mixtures. Points are averages of 5 replicates +/- SE. Letters inside bars indicate significant differences between 
treatments (analyzed with repeated measures Anova and post-hoc test with p < 0.05).
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Figure 20: Average N2O fluxes measured in spring during cover crop decomposition. Letters on the x-axis 
indicate all different cover crop treatments with Fal: fallow treatment, V: V. sativa (vetch), R: R. sativus (radish), A: 
A. strigosa (oat) and combinations of letters are two or three species mixtures. Points are averages of 5 replicates 
+/- SE. Letters indicate significant differences between treatments (analyzed with repeated measures Anova and 
post-hoc test with p < 0.05).

Discussion

Sustainable agriculture is needed to reduce losses of soil organic matter (SOM) and to 
ensure crop production with minimal negative impact on the environment. Growing of 
cover crops is an interesting option in this respect as it provides organic carbon to the 
system. Cover crops are commonly used to improve soil functions like nutrient uptake 
and carbon sequestration and therefore are a potential strategy in sustainable agriculture 
(Tsiafouli et al., 2015). Cover crop mixtures are expected to increase the benefits of 
monoculture cover crops as it is hypothesized that combining plant species with different 
traits and functions have a positive effect on nutrient cycling and plant performance 
(Blanco-Canqui et al., 2015). Several studies evaluated the use of cover crop monocultures 
(e.g. Zhou et al., 2012; Strickland et al., 2019) or mixtures (e.g. Nair and Ngouajio, 2012) 
to increase soil carbon, nitrogen retention and microbial biomass and activity, but a full 
factorial comparison between monocultures and mixtures in a field experiment is lacking. 
In this study we evaluated the effect on C- and N-cycling of three cover crop monocultures 
and all possible mixed combinations in a four-year field experiment. We tested if cover crop 
mixtures improve soil microbial biomass and diversity. Overall, we found no differences 
between cover crop mixtures and monocultures. The only differences we observed were 
between the fallow treatment and cover crop treatments for GHG fluxes and microbial 
activity (nitrification and denitrification). Below we discuss the results in more detail.
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To determine if GHG fluxes can be reduced when using cover crop mixtures, we estimated 
GHG fluxes for four years during cover crop growth, cover crop decomposition and main 
crop growth. Contrary to our hypothesis, we did not find significant differences between 
the cover crop monocultures and mixtures. Only the fallow treatment had lower CO2 and 
N2O emissions compared to the cover crop treatments (Figures 19 and 20). These results 
are similar with those of previous studies where GHG emissions in cover crop plots where 
higher than in the fallow plots (Abdalla et al., 2014; Basche et al., 2014; Muhammad et al., 
2019). In our study, VR treatment had the highest N2O emissions. Nitrification was also 
high in the treatment with V. sativa and R. sativus (VR) (Figure 15B). In our experimental 
fields, cover crop species reduced nitrogen leaching during cover crop growth (Porre, 2020 
thesis chapter 2). This may compensate nitrogen losses via N2O from the field as mineral 
nitrogen is taken up during cover crop growth. Furthermore, SOM significantly increased 
after 4 years with both VR and the three species mixture (VRA) compared to the start of the 
experiment (Porre, 2020 chapter 6). All other treatments were not significantly different in 
the 4 years of this field trial. Olson, Ebelhar and Lang (2010) did not find C sequestration 
after 8 years of cover crops either. In our agricultural field, prolonged growing of cover 
crops might be needed to realize increased C sequestration. Both CO2 and N2O fluxes 
fluctuated over the years and seasons. Environmental factors (temperature and moisture 
content) influence GHG fluxes, although only weak correlations were observed in our 
data (Table S1). Duan et al. (2018) found also higher year-to-year variation of GHG fluxes 
in a cover crop experiment than treatment differences. This shows that it is necessary to 
measure GHG fluxes regularly to be able to distinguish environmental fluctuations from 
treatment effects. Apart from CO2 and N2O, CH4 fluxes were measured as well, but none of 
the treatments differed from each other (Figure 18). Potential methane oxidation was not 
different either (Figure 15C). We measured net uptake of CH4 in the field in all treatments. 
This shows that agricultural fields are a possible sink for atmospheric methane, albeit with 
low uptake rates (Abdalla et al., 2014). Other studies did find increased methane uptake by 
the addition of organic residues (Brenzinger et al., 2018, 2021; Ho et al., 2015b). However, 
5 ton*ha-1 of cover crop residues might not be enough to stimulate the methanotroph 
community as these studies added at least 10 ton*ha-1.

After 4 years we found increased nitrification and denitrification of the cover crop 
treatments compared to the fallow treatment (Figure 15). Two and three species mixtures 
containing R. sativa cover crop had highest denitrification and nitrification activities. The 
absence of differences between cover crop monocultures or mixtures may be explained 
by the lack of differences in soil mineral N after cover crop incorporation in the fourth year 
(Figure 8P). In our study, cover crops did not increase soil mineral N while others found 
increase of N by adding cover crops compared to a fallow with mineral fertilization (Tosti 
et al., 2014; Alahmad et al., 2019). Nitrification activity correlated with the abundance of 
bacterial amoA gene copies (Figure 14). Previous research showed that functional groups 
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related to nitrogen cycling and GHG consumption increased by the addition of cover 
crop mixtures (Brenzinger et al., 2018, 2021). They found that mixed cover crop residues 
increased the abundance of amoA, nirK, nirS, nifH and nosZ when at least 10 ton*ha-1 of 
cover crop residue was added, however this disappeared when 5 ton*ha-1 was added 
(Brenzinger et al., 2018). In our field experiment, the maximum aboveground biomass 
in four years was around 5 ton*ha-1 (Figure 5) which might not be enough to stimulate 
microbial community in the soil due to limited availability of carbon sources and unequal 
distribution in the field. 

We did not find an increase of microbial biomass in the cover crop treatments at all 
measured time points in the first and last year (Figure 12 and 13). This is contrasting with 
results of other researchers who found an increase of microbial biomass in field plots with 
cover crops compared to fallow plots (Barel et al., 2019; Muhammad et al., 2021). Barel et 
al. (2019) did find increased microbial biomass using PLFA quantification in cover crop 
treatments compared to fallow treatment in a similar experimental field (sandy soil) and 
sampling depth (30 cm compared to 20 cm in our study). It is unclear if these differences 
can be attributed to the different quantification methods used. In our field experiment 
microbial biomass carbon (MBC) determined by using the fumigation extraction method 
did not show increased biomass in cover crop treatments either (Porre, 2020 thesis 
chapter 6). Even though microbial biomass was not different between the treatments, 
modification of the microbial community is possible (Zhang et al., 2005; Alahmad et al., 
2019). We did find increased CO2 emissions suggesting increased microbial activity. This 
could be due to enhanced activity in the existing community or to changes in community 
structure rather than increase in size (Zhang et al., 2005; Sadet-Bourgeteau et al., 2019). 
However, as we did not find differences between the diversity indices after four years of 
the experiment (Figure 9 and 10), it is expected that only minor changes of the microbial 
community occurred at the measured time points. Others found increased bacterial 
evenness (Alahmad et al., 2019) which can indicate increase of functional complementarity 
which has been reported to enhance stability and functioning of the ecosystem (Wagg et 
al., 2019). However, Alahmad et al. (2019) did not find increased richness or metabolic 
potential (measured using Biolog ECO plates) showing that 4 years of field experiment 
may not be enough to change microbial functional diversity in the soil by the addition 
of cover crops even though in a short term pot experiment cover crops significantly 
increased metabolic potential (Drost et al., 2020). 

As described above, cover crop treatments were only different compared to the fallow 
treatment and not between monocultures or mixtures rejecting hypothesis 1 and 2. The 
differences between cover crops and the fallow treatments were seen mainly after cover 
crop incorporation during decomposition, confirming hypothesis 3. During cover crop 
decomposition, N2O fluxes and nitrification were significantly higher when comparing 
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all mixtures with all monocultures. All other measured microbial data (qPCR, microbial 
diversity, microbial activity and CO2 and CH4 fluxes) were not significantly different 
between cover crop monocultures and mixtures. Many studies analyzed differences 
between cover crop (mixture) and fallow treatments (Tosti et al., 2014; Mbuthia et al., 
2015; Alahmad et al., 2019; Garland et al., 2021; Wood and Bowman, 2021). Yet, only a 
limited number of studies compared effects of monocultures and mixed cultures (Zhou 
et al., 2012; Smith, Atwood and Warren, 2014). Zhou et al. (2012) did not find differences 
in soil C and N pools and microbial biomass and activity (MicroResp) between cover 
crop monocultures and mixtures. Furthermore, in a meta-analysis, cover crop diversity 
did not result in increased bacterial diversity. However, duration of cover crop cultivation 
positively influenced soil microbial diversity and nutrient cycling (Garland et al., 2021). In 
our study, we analyzed both GHG fluxes and microbial activity and diversity during four 
years of cover crop cultivation, but we did not find advantages of cover crop mixtures 
compared to monocultures. Furthermore, soil microbial biomass and diversity in cover 
crop treatments were not significantly different from the fallow treatment. Several factors 
may have contributed to this lack of responses. First, sampling depth of 20 cm of soil was 
taken for DNA analyses while cover crops were only incorporated in the top 5 cm. This 
might have diluted effects of decomposing cover crop residues. Second, weeds were not 
removed from the fields. Hence, although there were no cover crops, biomass of weeds 
was incorporated in the fallow treatment. However, the biomass of the weeds was low 
with maximally 1000 kg*ha-1 in November, except in 2018 (3000 kg*ha-1). Weed biomass 
was not measured in spring, but total biomass in November was significantly lower in 
the fallow treatment compared to the cover crop treatments. Third, effects of cover crops 
may be short term. GHG fluxes were significantly different after cover crop incorporation 
indicating increased microbial activity. It is possible that the microbial turnover is high or 
that the carbon - and nitrogen use efficiency (CUE and NUE) are reduced leading to no 
increase in microbial biomass (Blagodatskaya and Kuzyakov, 2013; Dijkstra et al., 2015; 
Mooshammer et al., 2014b). 

From this study we can conclude that during a four-years period of cover crop cultivation, 
mixtures did not develop benefits compared to monocultures with respect to GHG fluxes, 
microbial biomass, - diversity and - activity. Cover crop treatments increase microbial 
activity and GHG fluxes compared to the fallow treatment mainly during cover crop 
decomposition in spring. Measurements of the full carbon and nitrogen cycle are 
needed to determine possible positive effects of cover crop mixtures in longer term field 
experiments. 
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Table S2: Result of measures Anova including treatment effect, block effect and season. Only 
p-values are shown in table for corresponding analyses.

CO2 N2O CH4

ALL DATA

Treatment effect 6.77*10-8 1.25*10-6 0.12795

Block effect 0.379 0.932 0.00394

ONLY COVER CROP GROWTH

Treatment effect 0.000289 0.841 0.1567

Fallow vs. cover crop 0.00786

Monoculture vs mixture (excluding fallow) 0.615

AFTER COVER CROP INCORPORATION

Treatment effect 5.46*10-5 2.28*10-10 0.168

Fallow vs. cover crop 5.81*10-5 0.000119

Monoculture vs mixture (exluding fallow) 0.92 0.00498

DURING MAIN CROP GROWTH

Treatment effect 0.136 0.513 0.328



CHAPTER6



Synthesis and outlook





Synthesis and outlook

137

6

Cover crops are increasingly used by farmers as sustainable management strategy and 
different aspects of their possible contribution to agricultural sustainability are studied (e.g. 
Wood and Bowman 2021; Garland et al. 2021). It is known that growing of plant mixtures 
instead of monocultures in grasslands stimulates plant biomass, microbial biomass and 
- functioning and reduces nutrient losses (Isbell et al., 2017; Thakur et al., 2021). Sowing 
of cover crop mixtures instead of monocultures after the harvest of the main crop may 
give similar beneficial effects. In this thesis, I compared several effects of cover crop 
mixtures with those of cover crop monocultures. In pot experiments, I studied the effect 
of cover crops residue assembly on decomposition and microbial metabolic functioning, 
in field experiments the focus was on microbial biomass, microbial diversity, microbial 
activity and greenhouse gas (GHG) emissions. In field experiments, the effects of both the 
standing cover crops as well as of incorporated residues were included. I hypothesized 
that mixtures of cover crop species with different functional traits will increase microbial 
biomass and – diversity. As consequence thereof, I expect an increased efficiency of use 
of carbon and nutrients by soil microbes, thereby reducing GHG emissions and providing 
a more gradual delivery of nutrients to the cash crop. In this chapter, I will summarize the 
main results of the thesis and discuss these in relation to current knowledge. 

Cover crop mixtures

The effects of cover crops mixtures were studied both in pot experiments (Chapter 2 
and 3) and in a field experiment (Chapter 5). If farmers use cover crops in their field to 
avoid the fallow period in autumn and winter, cover crops are grown under sub-optimal 
environmental circumstances, such as low temperatures and short periods of daylight. 
In spring, when preparing the soils for sowing or planting of cash crops, cover crops are 
incorporated in the soil. In this synthesis, I split the effects of standing cover crops and 
incorporated cover crop residues as the effects of cover crop mixtures may be different 
during residue decomposition than during cover crop growth. 

Cover crop growth
In a four-year field experiment, cover crops were included in a full factorial design with 
three monocultures (Vicia sativa, Raphanus sativus and Avena strigosa) and all possible 
combinations of 2-species - and 3-species mixtures. Cover crop biomass in the mixtures 
was as high as the best performing monoculture 12 weeks after sowing (Chapter 5). The 
best performing monoculture differed between the years. This indicates that cover crop 
mixtures reduce the risk of sub-optimal growth compared to monocultures and that yield 
variability in cover crop mixtures is reduced (Elhakeem et al., 2021). This is thought to be 
the result of plant complementarity and facilitation effects between the different cover 
crop species in a mixture (Wendling et al., 2017). Furthermore, during cover crop growth, 
nitrogen is captured in plant biomass. This reduced leaching compared to fallow plots 



Chapter 6

138

(Porre 2020, chapter 2). Only in the monoculture of V. sativa nitrogen was lost via leaching 
probably due to low plant biomass compared to the other cover crop treatments. In 
mixtures, this disadvantage of the leguminous species disappeared. 

We observed increased CO2 emissions during cover crop growth compared to the 
fallow treatment, but this was not the case for N2O emissions (Chapter 5). CO2 emissions 
are derived from both plant - and microbial respiration in the soil. Plant root exudates 
are known to stimulate microbial activity, respiration and microbial biomass in the soil 
(Steinauer, Chatzinotas and Eisenhauer, 2016b). Furthermore, part of the plant material 
dies off and is decomposed already during the growing season, which can stimulate the 
microbial community. Yet, we did not find increased microbial biomass in the first and last 
year of the field experiment during cover crop growth (Chapter 5). This might be a result 
of low temperatures or the soil sampling procedure, which included both rhizosphere and 
bulk soil. Hence, zones of high microbial activity (rhizosphere, dead plant parts) are mixed 
with bulk soil zones of low microbial activity. Yet, it is clear that a possible positive effect of 
growing cover crops on microbial biomass does not spread throughout the whole upper 
(20 cm) soil layer.

Overriding effects of single dominant species may also contribute to reported lack of 
differences between addition of cover crop mixtures or monocultures regarding nutrient 
cycling and weed suppression despite reduced fluctuations in cover crop mixtures (Zhou 
et al., 2012; Smith, Atwood and Warren, 2014). It may be necessary to include more 
monocultures in a full factorial design to determine which cover crops are performing 
best for different soils (e.g. clay or sandy) and environmental conditions or to achieve 
certain purposes (increase SOM and microbial activity and/or reduce leaching, pathogens 
and weeds) in agricultural rotations. This can result in tailor-made solutions for finding the 
best performing mixtures for specific soil conditions and planned cash crops. 

After cover crop incorporation
When cover crops are incorporated in the soil, this will lead to increased carbon- and 
mineral nutrient sources and, consequently, to increases in microbial biomass and - 
activity (Nakamoto et al., 2012; Muhammad et al., 2021). We found higher denitrification 
and nitrification rates in the fourth year of the field experiment in cover crops plots than 
in fallow plots (Chapter 5). Furthermore, it is expected that addition of cover crops will 
increase microbial diversity in the field (Mbuthia et al., 2015; Garland et al., 2021). However, 
we did not find increased microbial biomass or diversity in the field (Chapter 5). Comparable 
with our results, Alahmad et al. (2019) did not find increased richness of the microbial 
community. Only microbial evenness increased and not functional diversity (measured 
with Biolog ECO plates) (Alahmad et al., 2019). Furthermore, a meta-analysis indicated 
that bacterial diversity was more affected by management intensity and duration of cover 
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crop cultivation than diversity of the cover crops (Garland et al., 2021). However, in a pot 
experiment, microbial biomass and functional diversity measured with Biolog ECO plates 
were increased after addition of cover crop residues (Chapter 2). Residues of cover crop 
mixtures increased metabolic potential compared to monoculture residues, while these 
differences were not seen for microbial biomass. 

Stimulation of microbial activity after incorporation of cover crop mixtures can occur 
(Shi and Marschner, 2014). Yet, environmental fluctuation can be larger than treatment 
effects in field experiments resulting in the absence of significant differences between 
cover crop mixtures and monocultures (Duan et al., 2018). Furthermore, plant species 
identity might be more important in bringing about changes of the microbial biomass 
and activity (Hattenschwiler and Gasser, 2005; Shi and Marschner, 2014). In our pot 
experiment, monoculture residue of V. sativa did result in high microbial functional 
diversity, demonstrating the possibility of a major contribution of one plant species to 
microbial functioning (Chapter 2). 

After cover crop incorporation, microbial activity increases as can be seen from 
increased greenhouse gas emissions (Abdalla et al., 2012, 2014; Sanz-Cobena et al., 
2014; Muhammad et al., 2019). Indeed, we found increased CO2 and N2O emissions 
after cover crop incorporation both in the pot and field experiments compared to the 
control treatments without added cover crop residues (Chapter 2 and 5). N2O emissions 
were highest with V. sativa and R. sativus mixtures in the field (Chapter 5) and V. sativa 
monoculture in the lab (Chapter 2), probably as a result of highest plant N content (low 
C:N ratio) in these treatments. Cover crop mixtures did neither increase nor decrease 
GHG emissions compared to cover crop monocultures (Chapter 2 and 5). Plant nutrient 
content and C:N ratio can be major drivers of GHG fluxes as we found highest emissions in 
treatment with highest plant N content (Chapter 2). This shows that residue composition 
rather than diversity is a predictive parameter determining GHG fluxes (Basche et al., 2014; 
Muhammad et al., 2019; Nguyen et al., 2016a). 

Long-term effects
To determine if cover crop mixtures are beneficial over the long-term, we ran a four-
year field experiment. Within these years, weather conditions varied considerably. Year 
variation does influence the results of the experiment and it is important to take this into 
account as this affects cover crop performance and plant quality (Duan et al., 2018). In our 
field experiment, we found no differences between monoculture and mixed cover crop 
treatments on GHG emissions and microbial biomass and diversity.

Addition of cover crops can increase SOM content in the soil, which is beneficial for 
microbial activity, nutrient cycling and soil structure (Johnston, Poulton and Coleman, 



Chapter 6

140

2009; Strickland et al., 2019). SOM content was only significantly increased in two 
treatments after 4 years, namely in VR (V. sativa and R. sativus) and VRA (V. sativa, R. sativus 
and A. strigosa) (Porre 2020, chapter 6). Other studies indicate that a longer time may be 
necessary to find significant increases in SOM leading to increased soil quality (Olson, 
Ebelhar and Lang, 2010; Bai et al., 2019). 

Cash crop performance
In the four-year field experiment, three main crops were analyzed (biomass/yield and 
nutrient content). Overall, biomass and nutrient content of the main crop was not affected 
by growing and incorporating cover crops (Chapter 5). This is in contrast to other studies 
which showed that cover crops can increase main crop biomass and quality (Nakamoto et 
al., 2012; Barel et al., 2018; Brenzinger et al., 2021). Differences between our field experiment 
and other studies may be a result of reduced fertilizer applications for the main crops after 
cover crops residue incorporation in other studies. In the last year, when barley was the 
main crop, we split all plots in a fertilized and an unfertilized part. Within the unfertilized 
plots, the barley biomass was significantly lower in the fallow treatment (Fal) as well as in 
the treatments with A. strigosa (A) and V. sativa (V) monocultures compared to the other 
treatments. Monoculture of R. sativus and cover crop mixtures in which R. sativus was 
present, did not result in significantly lower biomass compared to fertilized fields (Figure 
1). This gives a possibility to consider reduced fertilizer use for main crops when residues 
of cover crops are incorporated.

Figure 1: Total aboveground biomass of barley in 2019. A: biomass with applied fertilizer (60 kg N ha-1); B: 
biomass without applied fertilizer. Letters on the x-axis indicate all different cover crop treatments with Fal: 
fallow treatment, V: V. sativa (vetch), R: R. sativus (radish), A: A. strigosa (oat) and combinations of letters are two 
or three species mixtures. Bars are averages of 5 replicates +/- SE. Letters indicate significant differences between 
the treatments of both panel A and B (analyzed by Anova with post-hoc Tukey test with significance level p < 
0.05).
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Microbial community

Microbial biomass
It is expected that soil microbial biomass increases after addition of organic residues. 
This increase can be persistent after addition of woody residues (Clocchiatti et al., 2020). 
However, in our pot experiments, the microbial biomass was not higher after 8 weeks 
of cover crop incorporation compared to the non-amended treatments (Chapter 2). 
Fungal biomass was increased in the first weeks of the experiment (Chapter 2 and 3) and 
bacterial biomass did increase in the first days until 2 weeks depending on the cover 
crop treatment (Chapter 2). This short-term effect may be due to limited amount of cover 
crop residues added and easy decomposability of the material leading to high microbial 
turnover rates (Harden and Joergensen, 2000; Rousk and Baath, 2011). Bacterial biomass 
was significantly increased only up to 4 weeks when 20 ton ha-1 of cover crop residues was 
applied (Chapter 3). High microbial biomass turnover rates may be a result of increased 
predation by protists and nematodes (Gao et al., 2019). In the field, such short-term 
effects are difficult to capture with the used sampling procedure with only one sampling 
shortly after residue incorporation, leading to no significant differences between the 
fallow treatment and cover crop treatments (Chapter 5). Contrasting to our results, 
others found increased microbial biomass in the soil after cover crop incorporation in 
field experiments (Barel et al., 2019; Muhammad et al., 2021). Sampling time is important 
to capture differences in the field and 2 weeks might be too short as Barel et al. (2019) 
found microbial biomass increase after 4 weeks. More frequent soil sampling might 
be advantageous to capture differences between treatments that might be lost when 
sampling only once. Furthermore, differences between lab and field experiments may be 
explained by increased heterogeneity of residues in the field as residues are bigger in 
size leading to less homogeneous distribution in the soil. Barel et al. (2018) mixed the 
residues in the soil twice with a 1-week interval while, in our field experiment, the residues 
were only mixed once. Mixing cover crop residues in the soil twice may have increased 
homogeneity which does make it easier to capture microbial biomass increase. 

Microbial diversity 
Available nutrient and carbon sources have a strong impact on the structure of the soil 
microbial community. Individual plant traits change the microbial community during 
growth via composition of root exudates, but also after incorporation of residues in the 
soil (Moorhead and Sinsabaugh, 2006; Berg et al., 2016; Hall et al., 2020; Sharma and 
Sharma, 2021; De Vries et al., 2012a). Increasing plant diversity can increase microbial 
functional diversity in the soil via a more diverse input of organic resources. In Chapter 
2, we showed that adding cover crop residue mixtures increases microbial metabolic 
potential (measured with Biolog ECO plates), pointing at the possibility for soil microbes 
to occupy a broader spectrum of metabolic niches. In cover crop monoculture residues, 
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the diversity in chemical composition of the plant material is lower, leading to reduced 
metabolic potential. However, this is species dependent as decomposing residues of V. 
sativa monocultures triggered a high microbial metabolic potential (Chapter 2). Increased 
microbial functional diversity can enhance ecosystem processes like decomposition and 
nutrient cycling (Chapter 4; Wagg et al., 2014; Delgado-Baquerizo et al., 2016, 2017). This 
may increase nutrient use efficiency of the microbial community by increased functional 
niche complementarity leading to reduced nutrient losses (Hattenschwiler, Tiunov and 
Scheu, 2005). However, Alahmad et al. (2019) did not find increased metabolic potential 
in a field experiment as addition of cover crops did not lead to increased functional 
diversity compared to a fallow treatment. In our field experiment, we could not find 
increased microbial diversity either (Chapter 5). However, this was analyzed with Illumina 
sequencing. This gives an indication of the diversity of microbes, but not of the functional 
capabilities of the community. It is necessary to understand species functioning and not 
only species identity in diverse microbial communities (Reiss et al., 2009; Lustenhouwer et 
al., 2020) as it is proposed that traits might reflect community composition more closely 
than taxa per se (Crowther et al., 2019; Maynard et al., 2019; Lustenhouwer et al., 2020). 
This is still problematic in microbial research as many species are not yet fully sequenced. 
Metagenomics is a possibility to overcome this limitation. However, knowledge about 
the function of genes in the environment is not yet complete. Fungal species have been 
classified into functional groups with FUNGuild based on phylogenetic identity after 
sequencing analyses (Nguyen et al., 2016a), but many species stay unclassified and 
their contribution to ecosystem processes like decomposition is unknown. Knowledge 
about functioning and diversity of traits in microbial communities is necessary to get a 
full understanding of diversity effects of microbial communities regarding ecosystem 
processes (Hättenschwiler, Fromin and Barantal, 2011; Krause et al., 2021).

Decomposition

The resident microbial community plays an important role in decomposition of organic 
residues (Creamer et al., 2016a). Increasing microbial diversity can lead to increased 
nutrient cycling and increased decomposition (Chapter 4; Hattenschwiler, Tiunov, and 
Scheu 2005; Loreau 2001). However, this is mostly studied in manipulated laboratory 
experiments. In our meta-analysis on the relationship between fungal diversity and 
decomposition we found a significant difference between manipulated experiments 
and natural ecosystems (Chapter 4). The fungal diversity effect on decomposition was 
saturated at two species in artificial assembled communities while in natural ecosystems 
a positive effect of increasing diversity was still present at high diversity levels (Chapter 4). 
This indicates that there is a need to study manipulated diversity-functioning relationships 
with other approaches, for example by dilution-to-extinction of environmental samples 
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(e.g. Wagg et al. 2014) instead of the inoculation of selected, cultivable microbial strains 
on sterile organic residues. 

Furthermore, quality of plant material is an important factor determining decomposition 
(Cornwell et al., 2008). For example, residues with a high C:N ratio or lignin content are 
mainly decomposed by fungal species due to their capability of producing a wide range of 
enzymes (van der Wal et al., 2013). When organic residues are difficult to degrade, microbes 
invest energy in specialization and try to prevent competition by creating unfavorable 
conditions for other microbes (Hiscox and Boddy, 2016). Within these low-quality residues, 
effects of microbial diversity may be less important (Chapter 4). Furthermore, residues 
with low quality can result in immobilization of nutrients from the environment during 
decomposition. We found immobilization of nutrients (N, K and S) by the addition of A. 
strigosa residues (Chapter 2). In agricultural fields, application of residues that immobilize 
nutrients are not favorable when no other sources of mineral nutrients are applied before 
main crop growth, as this will reduce the main crop yield. Addition of cover crop mixture 
residues can reduce this negative effect by adding high quality litter such as V. sativa 
and R. sativus. Increasing plant residue diversity can increase microbial diversity in the 
soil by increasing metabolic niches in the soil as a result of the presence of a range of 
plant nutrient contents and decomposabilities (Handa et al., 2014; Delgado-Baquerizo 
et al., 2016). This is why we hypothesized in our field and pot experiments an increase 
in microbial diversity and nutrient cycling in the soil after addition of mixed cover crop 
residues compared to single species (Chapter 2 and 5). However, we only found a diversity 
effect during decomposition in our pot experiment (Chapter 2) and not in the field (Chapter 
5). This may be a result of different methodology as described in the previous section. 
Furthermore, diversity of residue mixtures does not necessarily increase decomposition 
rates as compared to residues of monocultures (Wardle et al., 2006; Porre et al., 2020). 
Within two to eight species mixtures, decomposition rates are mainly predictable from 
the decomposition rates of the individual species. However, when plant diversity does 
have a positive effect on the microbial diversity, this can lead to a cascading effect of 
increased decomposition and nutrient cycling. In agricultural fields, this is favorable, as 
nutrients from decomposed residues will become more quickly available for the following 
main crop after cover crop residue incorporation. 

GHG fluxes

As previously described, greenhouse gas fluxes were significantly higher during 
decomposition of incorporated cover crop residues in the soil (Chapter 2, 3 and 5; Abdalla 
et al., 2012, 2014; Muhammad et al., 2019). Mixed cover crops residues did not reduce the 
GHG emissions compared to monoculture cover crops both in the field and in the lab 
(Chapter 2 and 5). To be able to compare laboratory results (Chapter 2 and 3) with the fluxes 
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found in the field (Chapter 5), global warming potential (GWP) per day was calculated. All 
GHG fluxes were calculated based on the GWP of each separate gas (CO2 = 1, CH4 = 28 
and N2O = 265) (IPCC 2014). For both pot experiments, the GWP was calculated for cover 
crop residues cumulative over the full time of the experiment resulting in an average of 
approximately 60 mmol CO2 equivalent day-1 m-2 over 50 days (Chapter 2) and 107 mg CO2 
equivalent kg soil-1 day-1 over 28 days (Chapter 3), respectively, which is approximately 36 
mmol CO2 equivalent day-1 m-2 (assuming 10 cm soil depth and 1.3 kg m-3 bulk density). In 
the field experiment, GHG fluxes were approximately -1 μmol CH4 h-1 m-2, 2 μmol N2O h-1 
m-2 and 6 mmol CO2 h-1 m-2 during the first 2 weeks after cover crop incorporation (Chapter 
5). The GWP in the field was on average 156 mmol CO2 equivalent day-1 m-2. This is two to 
five times higher than the emission rates estimated for the laboratory experiments. The 
differences between the field and laboratory experiments can be explained in two ways. 
First, measurement times were different for the three experiments. Sampling for a short 
time after cover crop incorporation may have captured only the decomposition peak 
while measuring for 8 weeks did include basal respiration after initial microbial response. 
Second, the measurements in the field were conducted during day-time under fluctuating 
environmental conditions (temperature and soil moisture) while the pot experiments 
were incubated continuously in the dark at a constant temperature of 15°C or 20°C in 
Chapter 3 and Chapter 2, respectively. Single-day flux measurements can induce biases 
due to diurnal variation in the field with a peak mostly during daytime (Hall, Winters and 
Rogers, 2014; Wu et al., 2021). Changes in soil temperature during the day are thought 
to cause a day-time peak of GHG fluxes. It is estimated that mid-morning sampling 
yielded emission rates with the smallest bias for N2O emissions as mid-morning closely 
corresponds to daily average temperature (Wu et al., 2021). However this can be different 
between N2O, CO2 and CH4 (Hall, Winters and Rogers, 2014). We did measure GHG fluxes 
in the field between 9h and 15h with dark chambers to prevent influence from radiation. 
However, as we sampled per block, differences over time in the field will not change 
treatment effects as a block effect was added in the statistical analyses. However, even 
though there are difficulties with calculating GWP over a longer time in the field based 
on single-day flux measurements, it is still possible to compare differences between the 
treatments of each individual measurement both in the lab and in the field. Furthermore, 
in field experiments, fluxes change over time by changing environmental conditions (soil 
moisture and temperature). This indicates a need to develop methods capturing GHG 
fluxes over time and estimate gains and losses in the field. Mathematical models that 
include environmental conditions, microbial activity and nutrient content may be able 
to predict GHG fluxes in the field throughout the season (e.g. Lehuger et al. 2011). For 
example, the DAYCENT model estimates GHG emissions, C sequestration and N losses (Del 
Grosso et al., 2009) and can be used to determine the potential of organic amendments to 
reduce GHG emissions and increase C storage (Ryals et al., 2015).
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Even though cover crops increase GHG emissions especially after incorporation in the soil, 
cover crops have a positive effect by changing the microbial community in the soil. Cover 
crops increase the biomass of microbial functional groups related to GHG consumption 
and nutrient cycling (Chapter 3; Brenzinger et al., 2021). This can lead to reduced GWP in 
the long-term by increased activity of methanotroph bacteria, for example. High amounts 
of organic residues (corresponding to 20 ton ha-1) stimulated the microbial community 
while small amounts (corresponding to 5 ton ha-1) only had a limited effect (Chapter 3). In 
agricultural fields cover crop biomass is commonly not higher than 5 ton ha-1 aboveground 
and 2 ton ha-1 belowground (Chapter 5; Elhakeem 2021, chapter 2). This appeals towards 
addition of combinations of organic residues including cover crops to increase residue 
biomass and stimulate the microbial community related to nutrient cycling and GHG 
consumption and increase SOM and nutrient availability for the main crop and reduce 
GHG emissions. 

Outlook and further research

The main starting hypothesis of my thesis research was that mixtures of cover crops 
species with different functional traits will increase microbial biomass and - diversity. This 
will lead to an increased use of carbon and nutrients in the soil, thereby reducing GHG 
emissions and providing a more gradual delivery of nutrients to the cash crop. We found 
that cover crops can increase microbial biomass and diversity in pot experiments, but in 
the field experiment we did not measure changes in the microbial community structure. 
Furthermore, we did not find differences in the field between cover crop monocultures 
and mixtures. GHG emissions were not significantly different compared to monocultures 
and adding cover crop mixtures did not lead to a higher main crop yield. These conclusions 
lead to new questions and further research possibilities. In the following sections I discuss 
remaining questions and possibilities for further research. 

Carbon and nutrient cycling
As mentioned before, it is difficult to estimate losses of GHGs based on measurements 
in the field as these measurements are influenced by diurnal variation (Wu et al., 2021) 
and variation in environmental conditions (Duan et al., 2018). To be able to understand 
the benefits of cover crop species compared to a fallow soil, we need to understand how 
much nutrients are lost via leaching or GHG emissions. A high resolution of field sampling 
throughout the year can support the development of models to estimate losses in the 
field. For example, Ryals et al. (2015) measured weekly GHG fluxes over three years to 
estimate the climate change mitigation potential of compost with the DAYCENT model. 
Increased sampling frequency to determine GHG emissions, leaching losses and soil C 
dynamics will improve our understanding of nutrient cycling in the soil and the effect of 
adding organic residues and sowing cover crops in the field. 
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Soil sampling
In our field experiment we choose to take a mixed sample of the top 20 cm of the soil. 
This is the plowing depth in the field and most of the root biomass of the cover crops is 
present in this layer. However, subsampling the profile within this layer would add more 
information. When cover crops are incorporated in the field, the residues are only mixed in 
the top 5 cm of the soil while in our pot experiments the residues were completely mixed 
with the soil. Furthermore, cover crop residues in the field were not cut in small pieces 
leading to heterogeneity compared to pot experiments. This can lead to different effects 
on microbial biomass and - composition. In the field, we diluted the possible effect within 
the top 5 cm by sampling until 20 cm depth. When analyzing several layers it is possible to 
understand changes occurring within the soil profile in more detail. Alahmad et al. (2019), 
for example, found differences in the microbial community composition between shallow 
and deep layers in the soil. Microbial taxonomic richness was only increased after cover 
crop addition in the layer from 10-30 cm, while Shannon evenness increased in all layers 
from 0 to 50 cm. Furthermore, in many studies, samples are only taken at the end of field 
experiments (e.g. Zhou et al., 2012; Mbuthia et al., 2015; Barel et al., 2018). This can result in 
biases leading to positive or negative effects that might not be consistent throughout the 
year. It is expected, however, that long term effects should be present in a bulk soil sample 
after several years of cover crop addition due to common soil homogenizing agricultural 
practices like plowing.

Long term effects
We determined cover crop mixture effects in the field for 4 years. However, we did not 
find differences between cover crop mixtures and monocultures. This indicates that, 
in agricultural fields, mixture effects are either not present or more years are needed 
to determine the possible effects of mixtures compared to monocultures. In grassland 
studies, it is common to study plant diversity effects on soil properties and ecosystem 
functioning for more than ten years (Fornara and Tilman, 2008; Isbell et al., 2017). However, 
even after 4 years high plant diversity in grasslands increased soil organic matter and 
fertility (van Ruijven and Berendse, 2005; Steinbeiss et al., 2008). In our experiment, SOM 
only increased in two treatments over four years (Porre, 2020) while including cover crops 
over the long term in agricultural fields (up to 50 years) can result in significant increases 
of SOC as reviewed by (Poeplau and Don, 2015). This appeals towards continuation of 
experiments over a long term in agricultural settings. 

Cover crops in combination with organic residues
In Chapter 3, we found that cover crop amendments stimulated microbial communities 
involved in nutrient cycling and CH4 consumption. However, this effect was most 
pronounced when high amounts of residues were applied in the pots (corresponding 
to 20 ton ha-1). This amount of cover crop biomass is impossible to attain in agricultural 
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fields as cover crops are grown under suboptimal circumstances in autumn and winter 
over a short time frame (Elhakeem, 2021). Combining cover crops with organic residues 
like compost and manure can reduce the use of mineral fertilizers and can enhance the 
positive effects of cover crops on microbial activity. Many studies have shown the added 
value of organic residue application in agricultural fields by increasing microbial functional 
diversity and aggregate stability (Wortmann and Shapiro, 2008; Nair and Ngouajio, 2012; 
Brenzinger et al., 2021). Furthermore, compost can increase stable SOC in agricultural 
systems while cover crops are beneficial to increase labile carbon in the soil (White et al., 
2020). A combination of compost and cover crops might be beneficial to increase SOM and 
to stimulate microbial activity and nutrient cycling. This can result in increased microbial 
turnover and create microbial necromass which is a substantial amount of stable SOM 
(Angst et al., 2021). The combination of organic residues in agricultural fields with cover 
crops is a possibility to increase residue biomass and stimulate the microbial activity in the 
soil. This can reduce the use of chemical fertilizers for optimal main crop yield. 

Soil type
In experimental settings, soil type can have a large influence on the effects of organic 
amendments. In this thesis, the focus was mainly on effects of cover crops in sandy 
soils, while effects in clay soils may be different. Meta-analyses are used to determine 
differences between experiments and soil types in relationship to the addition of cover 
crops (e.g. Muhammad et al., 2019, 2021; Garland et al., 2021; Wood and Bowman, 2021). 
These studies showed that soil clay content is a strong driver of microbial community 
structure, GHG fluxes, aggregate stability and SOM. Clay soils had, for example, lower 
bacterial biomass and higher N2O emissions compared to sandy soils regardless of the 
cover crop treatment. It would be interesting to develop similar experiments at different 
locations and soil types to reduce the bias of different treatments that are used in 
individual experiments and to understand the effect of addition of cover crop species 
under several soil types and environmental conditions. Studies on European transects 
are already used to estimate microbial community composition and soil chemistry to 
develop knowledge on soil biodiversity leading to the possibility to protect soil by policy 
makers (Stone et al., 2016). Collaborative projects using similar techniques and similar 
treatments within experimental settings will gain knowledge on differences between soil 
types and treatment effects as this reduces the variability in experiments. This can help 
improving the choice of the most suitable cover crop (mixture) for certain soil conditions 
and environments. 

Determining best performing cover crop (mixture)
In our experiments, we used three cover crop species from three plant families, 
representing differences in plant functionality and residue stoichiometry. However, 
differences with other cover crop species might be larger. Elhakeem (2021, chapter 2) 
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analyzed the possibilities of 25 individual cover crops to attain high biomass. Such a set-
up could also be used to determine the effects of plant stoichiometry on the microbial 
community in the field after residue incorporation. Decomposition and nutrient turnover 
of the added residue is determined by the stoichiometry of the material and carbon and 
nutrients present in the soil (Fierer et al., 2009; Fanin et al., 2016). Microbial community 
changes are affected by the quantity and composition of degradable resources 
(Zechmeister-Boltenstern et al., 2015). By adding a stoichiometric range of plant residues 
within experimental settings, it is possible to test which plant species combinations are 
favorable to attain certain goals in agricultural fields such as increasing SOM, reducing 
GHG emissions and increasing microbial biomass and functional diversity. 

Farmers’ advice

Taking together our results regarding the use of cover crop mixtures versus monocultures, 
mixtures can have advantages compared to monocultures. Mixtures ensure the possibility 
of obtaining high biomass compared to monocultures (Elhakeem 2021). Furthermore, 
mixtures can lead to increased SOM (Porre 2020 chapter 6). Cover crop mixtures reduce 
leaching during cover crop growth (Porre 2020 chapter 2) and do not have a negative effect 
regarding GHG emissions or microbial community structure and functioning (Chapter 2, 
3 and 5). However, it is unknown if cover crop mixtures are beneficial to reduce plant 
pathogens compared to a monoculture cover crop (e.g. use of R. sativus to reduce plant 
pathogenic nematodes). When farmers want to increase soil quality and sustainability, it 
might be advantageous to sow cover crop mixtures during fallow period in agricultural 
rotation in combination with other organic residues to enhance SOM.



Synthesis and outlook

149

6



CHAPTER



References



References

152

Abdalla, M., A. Hastings, M. Helmy, A. Prescher, B. Osborne, G. Lanigan, D. Forristal, et 
al. 2014. “Assessing the Combined Use of Reduced Tillage and Cover Crops for 
Mitigating Greenhouse Gas Emissions from Arable Ecosystem.” Geoderma 223 (July): 
9–20. https://doi.org/10.1016/j.geoderma.2014.01.030.

Abdalla, M., K. Rueangritsarakul, M. Jones, B. Osborne, M. Helmy, B. Roth, J. Burke, P. 
Nolan, P. Smith, and M. Williams. 2012. “How Effective Is Reduced Tillage-Cover Crop 
Management in Reducing N2O Fluxes from Arable Crop Soils?” Water Air and Soil 
Pollution 223 (8): 5155–74. https://doi.org/10.1007/s11270-012-1268-4.

Abdalla, Mohamed, Astley Hastings, Kun Cheng, Qian Yue, Dave Chadwick, Mikk 
Espenberg, Jaak Truu, Robert M. Rees, and Pete Smith. 2019. “A Critical Review of 
the Impacts of Cover Crops on Nitrogen Leaching, Net Greenhouse Gas Balance and 
Crop Productivity.” Global Change Biology 25 (8): 2530–43. https://doi.org/10.1111/
gcb.14644.

Achat, David L., Christian Morel, Mark R. Bakker, Laurent Augusto, Sylvain Pellerin, Anne 
Gallet-Budynek, and Maya Gonzalez. 2010. “Assessing Turnover of Microbial Biomass 
Phosphorus: Combination of an Isotopic Dilution Method with a Mass Balance 
Model.” Soil Biology and Biochemistry 42 (12): 2231–40. https://doi.org/10.1016/j.
soilbio.2010.08.023.

Alahmad, Abdelrahman, Guillaume Decocq, Fabien Spicher, Louay Kheirbeik, Ahmad 
Kobaissi, Thierry Tetu, Frédéric Dubois, and Jérôme Duclercq. 2019. “Cover 
Crops in Arable Lands Increase Functional Complementarity and Redundancy 
of Bacterial Communities.” Journal of Applied Ecology 56 (3): 651–64. https://doi.
org/10.1111/1365-2664.13307.

Alburquerque, José Antonio, Carlos de la Fuente, and María Pilar Bernal. 2012. “Chemical 
Properties of Anaerobic Digestates Affecting C and N Dynamics in Amended Soils.” 
Recycling of Organic Resudues to Agriculture 160 (October): 15–22. https://doi.
org/10.1016/j.agee.2011.03.007.

Allan, J. David., and María M. Castillo. 2007. Stream Ecology : Structure and Function of 
Running Waters. 2nd ed. Dordrecht: Springer. http://site.ebrary.com/id/10230521.

Allison, S. D. 2012. “A Trait-Based Approach for Modelling Microbial Litter Decomposition.” 
Ecol Lett 15 (9): 1058–70. https://doi.org/10.1111/j.1461-0248.2012.01807.x.

Alonso-Ayuso, M., J. L. Gabriel, and M. Quemada. 2014. “Kill Date as Management Tool 
for Cover Cropping Success.” Plos One 9. https://doi.org/10.1371/ 10.1371/journal.
pone.0109587.g001.

Andrade, Ricardo, Cláudia Pascoal, and Fernanda Cássio. 2016. “Effects of Inter and 
Intraspecific Diversity and Genetic Divergence of Aquatic Fungal Communities on 
Leaf Litter Decomposition—a Microcosm Experiment.” FEMS Microbiology Ecology 92 
(7): fiw102–fiw102. https://doi.org/10.1093/femsec/fiw102.

Angst, Gerrit, Kevin E. Mueller, Klaas G.J. Nierop, and Myrna J. Simpson. 2021. “Plant- or 
Microbial-Derived? A Review on the Molecular Composition of Stabilized Soil Organic 



References

153

Matter.” Soil Biology and Biochemistry 156 (May): 108189. https://doi.org/10.1016/j.
soilbio.2021.108189.

Bååth, Erland. 2001. “Estimation of Fungal Growth Rates in Soil Using 14C-Acetate 
Incorporation into Ergosterol.” Soil Biology and Biochemistry 33 (14): 2011–18. https://
doi.org/10.1016/S0038-0717(01)00137-7.

Baerlocher, Felix. 2005. “Freshwater Fungal Communities.” In The Fungal 
Community: Its Organization and Role in the Ecosystem, 39–59. https://doi.
org/10.1201/9781420027891.ch3.

Baessler, Claus, Raffael Ernst, Marc Cadotte, Christoph Heibl, and Joerg Mueller. 2014. 
“Near-to-Nature Logging Influences Fungal Community Assembly Processes in a 
Temperate Forest.” JOURNAL OF APPLIED ECOLOGY. 111 RIVER ST, HOBOKEN 07030-
5774, NJ USA: WILEY. https://doi.org/10.1111/1365-2664.12267.

Bai, Xiongxiong, Yawen Huang, Wei Ren, Mark Coyne, Pierre-Andre Jacinthe, Bo Tao, Dafeng 
Hui, Jian Yang, and Chris Matocha. 2019. “Responses of Soil Carbon Sequestration to 
Climate-Smart Agriculture Practices: A Meta-Analysis.” Global Change Biology 25 (8): 
2591–2606. https://doi.org/10.1111/gcb.14658.

Bakken, Lars R., Linda Bergaust, Binbin Liu, and Åsa Frostegård. 2012. “Regulation of 
Denitrification at the Cellular Level: A Clue to the Understanding of N 2 O Emissions 
from Soils.” Philosophical Transactions: Biological Sciences 367 (1593): 1226–34.

Baldrian, Petr. 2017. “Forest Microbiome: Diversity, Complexity and Dynamics.” FEMS 
Microbiology Reviews 41 (2): 109–30. https://doi.org/10.1093/femsre/fuw040.

Baldrian, Petr, Petra Zrůstová, Vojtěch Tláskal, Anna Davidová, Věra Merhautová, and Tomáš 
Vrška. 2016. “Fungi Associated with Decomposing Deadwood in a Natural Beech-
Dominated Forest.” Fungal Ecology 23 (October): 109–22. https://doi.org/10.1016/j.
funeco.2016.07.001.

Bardgett, Richard D., and Amanda Shine. 1999. “Linkages between Plant Litter Diversity, 
Soil Microbial Biomass and Ecosystem Function in Temperate Grasslands.” Soil Biology 
and Biochemistry 31 (2): 317–21. https://doi.org/10.1016/S0038-0717(98)00121-7.

Barel, Janna M., Thomas W. Kuyper, Wietse de Boer, Jacob C. Douma, and Gerlinde B. De 
Deyn. 2018. “Legacy Effects of Diversity in Space and Time Driven by Winter Cover 
Crop Biomass and Nitrogen Concentration.” Journal of Applied Ecology 55 (1): 299–
310. https://doi.org/10.1111/1365-2664.12929.

Barel, Janna M., Thomas W. Kuyper, Jos Paul, Wietse de Boer, Johannes H. C. Cornelissen, and 
Gerlinde B. De Deyn. 2019. “Winter Cover Crop Legacy Effects on Litter Decomposition 
Act through Litter Quality and Microbial Community Changes.” Journal of Applied 
Ecology 56 (1): 132–43. https://doi.org/doi:10.1111/1365-2664.13261.

Bärlocher, Felix, and Lynne Boddy. 2016. “Aquatic Fungal Ecology - How Does It Differ 
from Terrestrial?” Aquatic Fungi 19 (February): 5–13. https://doi.org/10.1016/j.
funeco.2015.09.001.



References

154

Bärlocher, Felix, and Miranda Corkum. 2003. “Nutrient Enrichment Overwhelms Diversity 
Effects in Leaf Decomposition by Stream Fungi.” Oikos 101 (2): 247–52. https://doi.
org/10.1034/j.1600-0706.2003.12372.x.

Bärlocher, Felix, and M. A. S. Graca. 2002. “Exotic Riparian Vegetation Lowers Fungal 
Diversity but Not Leaf Decomposition in Portuguese Streams.” Freshwater Biology 47 
(6): 1123–35. https://doi.org/10.1046/j.1365-2427.2002.00836.x.

Barros, Diana, Patrícia Oliveira, Cláudia Pascoal, and Fernanda Cássio. 2016. “Ethanol and 
Phenanthrene Increase the Biomass of Fungal Assemblages and Decrease Plant 
Litter Decomposition in Streams.” Science of The Total Environment 565: 489–95. 
http://dx.doi.org/10.1016/j.scitotenv.2016.04.190.

Basche, A. D., F. E. Miguez, T. C. Kaspar, and M. J. Castellano. 2014. “Do Cover Crops Increase 
or Decrease Nitrous Oxide Emissions? A Meta-Analysis.” Journal of Soil and Water 
Conservation 69 (6): 471–82. https://doi.org/10.2489/jswc.69.6.471.

Bastida, Felipe, David J. Eldridge, Carlos García, G. Kenny Png, Richard D. Bardgett, and 
Manuel Delgado-Baquerizo. 2021. “Soil Microbial Diversity-Biomass Relationships 
Are Driven by Soil Carbon Content across Global Biomes” The ISME Journal, February. 
https://doi.org/10.1038/s41396-021-00906-0.

Bateman, E. J., and E. M. Baggs. 2005. “Contributions of Nitrification and Denitrification to 
N2O Emissions from Soils at Different Water-Filled Pore Space.” Biology and Fertility of 
Soils 41 (6): 379–88. https://doi.org/10.1007/s00374-005-0858-3.

Baumann, K., P. Marschner, T. K. Kuhn, R. J. Smernik, and J. A. Baldock. 2011. “Microbial 
Community Structure and Residue Chemistry during Decomposition of Shoots and 
Roots of Young and Mature Wheat (Triticum Aestivum L.) in Sand.” European Journal 
of Soil Science 62 (5): 666–75. https://doi.org/10.1111/j.1365-2389.2011.01380.x.

Baumann, Karen, Petra Marschner, Ronald J. Smernik, and Jeffrey A. Baldock. 2009. 
“Residue Chemistry and Microbial Community Structure during Decomposition of 
Eucalypt, Wheat and Vetch Residues.” Soil Biology and Biochemistry 41 (9): 1966–75. 
http://dx.doi.org/10.1016/j.soilbio.2009.06.022.

Bender, Martin, and Ralf Conrad. 1992. “Kinetics of CH4 Oxidation in Oxic Soils Exposed to 
Ambient Air or High CH4 Mixing Ratios.” FEMS Microbiology Letters 101 (4): 261–69. 
https://doi.org/10.1016/0378-1097(92)90823-7.

Bennett, Amanda J., Gary D. Bending, David Chandler, Sally Hilton, and Peter Mills. 2012. 
“Meeting the Demand for Crop Production: The Challenge of Yield Decline in Crops 
Grown in Short Rotations.” Biological Reviews 87 (1): 52–71. https://doi.org/10.1111/
j.1469-185X.2011.00184.x.

Berg, Gabriele, Daria Rybakova, Martin Grube, and Martina Köberl. 2016. “The Plant 
Microbiome Explored: Implications for Experimental Botany.” Journal of Experimental 
Botany 67 (4): 995–1002. https://doi.org/10.1093/jxb/erv466.



References

155

Bird, J. A., D. J. Herman, and M. K. Firestone. 2011. “Rhizosphere Priming of Soil Organic 
Matter by Bacterial Groups in a Grassland Soil.” Soil Biology & Biochemistry 43 (4): 718–
25. https://doi.org/10.1016/j.soilbio.2010.08.010.

Blagodatskaya, Evgenia, and Yakov Kuzyakov. 2013. “Active Microorganisms in Soil: Critical 
Review of Estimation Criteria and Approaches.” Soil Biology and Biochemistry 67: 192–
211. http://dx.doi.org/10.1016/j.soilbio.2013.08.024.

Blanco-Canqui, Humberto, Tim M. Shaver, John L. Lindquist, Charles A. Shapiro, Roger W. 
Elmore, Charles A. Francis, and Gary W. Hergert. 2015. “Cover Crops and Ecosystem 
Services: Insights from Studies in Temperate Soils.” Agronomy Journal 107 (6): 2449. 
https://doi.org/10.2134/agronj15.0086.

Bloem, J., M. Veninga, and J. Shepherd. 1995. “Fully Automatic Determination of Soil 
Bacterium Numbers, Cell Volumes, and Frequencies of Dividing Cells by Confocal 
Laser Scanning Microscopy and Image Analysis.” Applied and Environmental 
Microbiology 61 (3): 926–36.

Bodelier, P. L., M. Meima-Franke, C. A. Hordijk, A. K. Steenbergh, M. M. Hefting, L. Bodrossy, 
M. von Bergen, and J. Seifert. 2013. “Microbial Minorities Modulate Methane 
Consumption through Niche Partitioning.” ISME J 7 (11): 2214–28. https://doi.
org/10.1038/ismej.2013.99.

Bodelier, Paul LE, and Anne K Steenbergh. 2014. “Interactions between Methane and the 
Nitrogen Cycle in Light of Climate Change.” SI: System Dynamics and Sustainability 
9–10 (November): 26–36. https://doi.org/10.1016/j.cosust.2014.07.004.

Boeckx, P., O. Van Cleemput, and I. Villaralvo. 1997. “Methane Oxidation in Soils with 
Different Textures and Land Use.” Nutrient Cycling in Agroecosystems 49 (1): 91–95. 
https://doi.org/10.1023/A:1009706324386.

Boswell, E. P., R. T. Koide, D. L. Shumway, and H. D. Addy. 1998. “Winter Wheat Cover 
Cropping, VA Mycorrhizal Fungi and Maize Growth and Yield.” Agriculture Ecosystems 
& Environment 67.

Bowen, Holly, Jude E. Maul, Hanna Poffenbarger, Steven Mirsky, Michel Cavigelli, and 
Stephanie Yarwood. 2018. “Spatial Patterns of Microbial Denitrification Genes 
Change in Response to Poultry Litter Placement and Cover Crop Species in an 
Agricultural Soil.” Biology and Fertility of Soils 54 (6): 769–81. https://doi.org/10.1007/
s00374-018-1301-x.

Bradford, Mark A., Robert J. Warren II, Petr Baldrian, Thomas W. Crowther, Daniel S. Maynard, 
Emily E. Oldfield, William R. Wieder, Stephen A. Wood, and Joshua R. King. 2014. 
“Climate Fails to Predict Wood Decomposition at Regional Scales.” Nature Climate 
Change 4 (7): 625–30. https://doi.org/10.1038/nclimate2251.

Brenzinger, Kristof, Ohana Y. A. Costa, Adrian Ho, Guusje Koorneef, Bjorn Robroek, Douwe 
Molenaar, Gerard Korthals, and Paul L. E. Bodelier. 2021. “Steering Microbiomes by 
Organic Amendments towards Climate-Smart Agricultural Soils.” Biology and Fertility 
of Soils, September. https://doi.org/10.1007/s00374-021-01599-5.



References

156

Brenzinger, Kristof, Sytske M. Drost, Gerard Korthals, and Paul L. E. Bodelier. 2018. “Organic 
Residue Amendments to Modulate Greenhouse Gas Emissions From Agricultural 
Soils.” Frontiers in Microbiology 9: 3035. https://doi.org/10.3389/fmicb.2018.03035.

Brozyna, M. A., S. O. Petersen, N. Chirinda, and J. E. Olesen. 2013. “Effects of Grass-Clover 
Management and Cover Crops on Nitrogen Cycling and Nitrous Oxide Emissions 
in a Stockless Organic Crop Rotation.” Agriculture Ecosystems & Environment 181 
(December): 115–26. https://doi.org/10.1016/j.agee.2013.09.013.

Byrnes, Jarrett E. K., Lars Gamfeldt, Forest Isbell, Jonathan S. Lefcheck, John N. Griffin, Andy 
Hector, Bradley J. Cardinale, et al. 2014. “Investigating the Relationship between 
Biodiversity and Ecosystem Multifunctionality: Challenges and Solutions.” Methods 
in Ecology and Evolution 5 (2): 111–24. https://doi.org/10.1111/2041-210x.12143.

Cai, Yuanfeng, Yan Zheng, Paul L. E. Bodelier, Ralf Conrad, and Zhongjun Jia. 2016. 
“Conventional Methanotrophs Are Responsible for Atmospheric Methane Oxidation 
in Paddy Soils.” Nature Communications 7 (1): 11728. https://doi.org/10.1038/
ncomms11728.

Callahan, Benjamin J., Paul J. McMurdie, Michael J. Rosen, Andrew W. Han, Amy Jo A. 
Johnson, and Susan P. Holmes. 2016. “DADA2: High-Resolution Sample Inference from 
Illumina Amplicon Data.” Nature Methods 13 (7): 581–83. https://doi.org/10.1038/
nmeth.3869.

Caporaso, J. Gregory, Christian L. Lauber, William A. Walters, Donna Berg-Lyons, Catherine 
A. Lozupone, Peter J. Turnbaugh, Noah Fierer, and Rob Knight. 2011. “Global Patterns 
of 16S RRNA Diversity at a Depth of Millions of Sequences per Sample.” Proceedings of 
the National Academy of Sciences 108 (Supplement 1): 4516. https://doi.org/10.1073/
pnas.1000080107.

Ceschia, E., P. Beziat, J. F. Dejoux, M. Aubinet, C. Bernhofer, B. Bodson, N. Buchmann, et 
al. 2010. “Management Effects on Net Ecosystem Carbon and GHG Budgets at 
European Crop Sites.” Agriculture Ecosystems & Environment 139 (3): 363–83. https://
doi.org/10.1016/j.agee.2010.09.020.

Chan, Justin Y., Stephen P. Bonser, Michael M. Kasumovic, Jeff R. Powell, and William K. 
Cornwell. 2021. “Complex Environments Alter Competitive Dynamics in Fungi.” 
EcoEvoRxiv January 2021. https://doi.org/10.32942/osf.io/pf3kq.

Chapman, S. K., G. S. Newman, S. C. Hart, J. A. Schweitzer, and G. W. Koch. 2013. “Leaf Litter 
Mixtures Alter Microbial Community Development: Mechanisms for Non-Additive 
Effects in Litter Decomposition.” Plos One 8 (4): 9. https://doi.org/10.1371/journal.
pone.0062671.

Chapman, Samantha K., and Gregory S. Newman. 2010. “Biodiversity at the Plant–Soil 
Interface: Microbial Abundance and Community Structure Respond to Litter Mixing.” 
Oecologia 162 (3): 763–69. https://doi.org/10.1007/s00442-009-1498-3.



References

157

Chen, Chen, Han Y. H. Chen, Xinli Chen, and Zhiqun Huang. 2019. “Meta-Analysis Shows 
Positive Effects of Plant Diversity on Microbial Biomass and Respiration.” Nature 
Communications 10 (1): 1332. https://doi.org/10.1038/s41467-019-09258-y.

Chen, Huaihai, Nape V. Mothapo, and Wei Shi. 2015a. “Soil Moisture and PH Control 
Relative Contributions of Fungi and Bacteria to N2O Production.” Microbial Ecology 
69 (1): 180–91. https://doi.org/10.1007/s00248-014-0488-0.

Cheng, Yi, Jing Wang, Jin-Bo Zhang, Christoph Müller, and Shen-Qiang Wang. 2015. 
“Mechanistic Insights into the Effects of N Fertilizer Application on N2O-Emission 
Pathways in Acidic Soil of a Tea Plantation.” Plant and Soil 389 (1): 45–57. https://doi.
org/10.1007/s11104-014-2343-y.

Ciais, Philippe, Christopher Sabine, Govindasamy Bala, Laurent Bopp, Victor Brovkin, Josep 
Canadell, Abha Chhabra, et al. 2014. “Carbon and Other Biogeochemical Cycles.” In , 
465–570. https://doi.org/10.1017/CBO9781107415324.015.

Clocchiatti, Anna, S. Emilia Hannula, Marlies van den Berg, Gerard Korthals, and Wietse de 
Boer. 2020. “The Hidden Potential of Saprotrophic Fungi in Arable Soil: Patterns of 
Short-Term Stimulation by Organic Amendments.” Applied Soil Ecology 147 (March): 
103434. https://doi.org/10.1016/j.apsoil.2019.103434.

Cobo, J. G., E. Barrios, and R. Delve. 2008. “Decomposition and Nutrient Release from Intra-
Specific Mixtures of Legume Plant Materials.” Communications in Soil Science and 
Plant Analysis 39 (3–4): 616–25. https://doi.org/10.1080/00103620701828411.

Cobo, J. G., E. Barrios, D. C. L. Kass, and R. J. Thomas. 2002. “Decomposition and Nutrient 
Release by Green Manures in a Tropical Hillside Agroecosystem.” Plant and Soil 240: 
331–42.

Coci, M, P L E Bodelier, and H J Laanbroek. 2008. “Epiphyton as a Niche for Ammonia-
Oxidizing Bacteria: Detailed Comparison with Benthic and Pelagic Compartments in 
Shallow Freshwater Lakes.” Applied and Environmental Microbiology 74 (7): 1963–71. 
https://doi.org/10.1128/AEM.00694-07.

Coleman, David C., and William B. Whitman. 2005. “Linking Species Richness, Biodiversity 
and Ecosystem Function in Soil Systems.” Pedobiologia 49 (6): 479–97. https://doi.
org/10.1016/j.pedobi.2005.05.006.

Cong, W. F., E. Hoffland, L. Li, J. Six, J. H. Sun, X. G. Bao, F. S. Zhang, and W. Van der Werf. Apr 
2015a. “Intercropping Enhances Soil Carbon and Nitrogen.” Global Change Biology 21 
(4): 1715–26. https://doi.org/10.1111/gcb.12738.

Cong, Wen-Feng, Ellis Hoffland, Long Li, Bert H. Janssen, and Wopke Van der Werf. 2015b. 
“Intercropping Affects the Rate of Decomposition of Soil Organic Matter and Root 
Litter.” Plant and Soil 391 (1–2): 399–411. https://doi.org/10.1007/s11104-015-2433-5.

Cong, Wen-Feng, Jasper Van Ruijven, Liesje Mommer, Gerlinde B. De Deyn, Frank Berendse, 
Ellis Hoffland, and Sandra Lavorel. 2014. “Plant Species Richness Promotes Soil 
Carbon and Nitrogen Stocks in Grasslands without Legumes.” Journal of Ecology 102 
(5): 1163–70. https://doi.org/10.1111/1365-2745.12280.



References

158

Cong, Wen-Feng, Jasper Van Ruijven, Wopke Van der Werf, Gerlinde B. De Deyn, Liesje 
Mommer, Frank Berendse, and Ellis Hoffland. 2015c. “Plant Species Richness Leaves 
a Legacy of Enhanced Root Litter-Induced Decomposition in Soil.” Soil Biology and 
Biochemistry 80: 341–48. https://doi.org/10.1016/j.soilbio.2014.10.017.

Conrad, Ralf. 2007. “Microbial Ecology of Methanogens and Methanotrophs.” In Advances in 
Agronomy, 96:1–63. Academic Press. https://doi.org/10.1016/S0065-2113(07)96005-8.

Conrad, Ralf, Yang Ji, Matthias Noll, Melanie Klose, Peter Claus, and Alex Enrich-Prast. 
2014. “Response of the Methanogenic Microbial Communities in Amazonian Oxbow 
Lake Sediments to Desiccation Stress.” Environmental Microbiology 16 (6): 1682–94. 
https://doi.org/10.1111/1462-2920.12267.

Conrad, Ralf, and Franz Rothfuss. 1991. “Methane Oxidation in the Soil Surface Layer of 
a Flooded Rice Field and the Effect of Ammonium.” Biology and Fertility of Soils 12: 
28–32.

Coombs, Claire, John D. Lauzon, Bill Deen, and Laura L. Van Eerd. 2017. “Legume Cover 
Crop Management on Nitrogen Dynamics and Yield in Grain Corn Systems.” Field 
Crops Research 201 (February): 75–85. https://doi.org/10.1016/j.fcr.2016.11.001.

Cornwell, W. K., J. H. C. Cornelissen, K. Amatangelo, E. Dorrepaal, V. T. Eviner, O. Godoy, S. 
E. Hobbie, et al. 2008. “Plant Species Traits Are the Predominant Control on Litter 
Decomposition Rates within Biomes Worldwide.” Ecology Letters 11 (10): 1065–71. 
https://doi.org/10.1111/j.1461-0248.2008.01219.x.

Costantini, M.L., and Loreto Rossi. 2010. “Species Diversity and Decomposition in 
Laboratory Aquatic Systems: The Role of Species Interactions.” Freshwater Biology 55 
(11): 2281–95. https://doi.org/10.1111/j.1365-2427.2010.02433.x.

Costello, A M, and M E Lidstrom. 1999. “Molecular Characterization of Functional and 
Phylogenetic Genes from Natural Populations of Methanotrophs in Lake Sediments.” 
Applied and Environmental Microbiology 65 (11): 5066–74. https://doi.org/10.1128/
AEM.65.11.5066-5074.1999.

Cotrufo, M. F., M. D. Wallenstein, C. M. Boot, K. Denef, and E. Paul. 2013. “The Microbial 
Efficiency-Matrix Stabilization (MEMS) Framework Integrates Plant Litter 
Decomposition with Soil Organic Matter Stabilization: Do Labile Plant Inputs Form 
Stable Soil Organic Matter?” Glob Chang Biol 19 (4): 988–95. https://doi.org/10.1111/
gcb.12113.

Cotrufo, M. Francesca, Jennifer L. Soong, Andrew J. Horton, Eleanor E. Campbell, Michelle 
L. Haddix, Diana H. Wall, and William J. Parton. 2015. “Formation of Soil Organic 
Matter via Biochemical and Physical Pathways of Litter Mass Loss.” Nature Geoscience 
8 (10): 776–79. https://doi.org/10.1038/ngeo2520.

Creamer, R. E., D. Stone, P. Berry, and I. Kuiper. 2016a. “Measuring Respiration Profiles of Soil 
Microbial Communities across Europe Using MicroResp (TM) Method.” Applied Soil 
Ecology 97: 36–43. https://doi.org/10.1016/j.apsoil.2015.08.004.



References

159

Creamer, R.E., S.E. Hannula, J.P.Van Leeuwen, D. Stone, M. Rutgers, R.M. Schmelz, P.C.de 
Ruiter, et al. 2016b. “Ecological Network Analysis Reveals the Inter-Connection 
between Soil Biodiversity and Ecosystem Function as Affected by Land Use across 
Europe.” Soil Biodiversity and Ecosystem Functions across Europe: A Transect Covering 
Variations in Bio-Geographical Zones, Land Use and Soil Properties 97: 112–24. https://
doi.org/10.1016/j.apsoil.2015.08.006.

Crowther, T. W., J. van den Hoogen, J. Wan, M. A. Mayes, A. D. Keiser, L. Mo, C. Averill, and D. 
S. Maynard. 2019. “The Global Soil Community and Its Influence on Biogeochemistry.” 
Science 365 (6455): eaav0550. https://doi.org/10.1126/science.aav0550.

Damour, G., M. Dorel, H. T. Quoc, C. Meynard, and J. M. Risede. 2014. “A Trait-Based 
Characterization of Cover Plants to Assess Their Potential to Provide a Set of 
Ecological Services in Banana Cropping Systems.” European Journal of Agronomy 52 
(January): 218–28. https://doi.org/10.1016/j.eja.2013.09.004.

Dang, Christian K., Eric Chauvet, and Mark O. Gessner. 2005. “Magnitude and Variability of 
Process Rates in Fungal Diversity-Litter Decomposition Relationships.” Ecology Letters 
8 (11): 1129–37. https://doi.org/10.1111/j.1461-0248.2005.00815.x.

De Deyn, G. B., J. H. Cornelissen, and R. D. Bardgett. 2008. “Plant Functional Traits and Soil 
Carbon Sequestration in Contrasting Biomes.” Ecol Lett 11 (5): 516–31. https://doi.
org/10.1111/j.1461-0248.2008.01164.x.

De Deyn, Gerlinde B., Helen Quirk, Zou Yi, Simon Oakley, Nick J. Ostle, and Richard D. 
Bardgett. 2009. “Vegetation Composition Promotes Carbon and Nitrogen Storage in 
Model Grassland Communities of Contrasting Soil Fertility.” Journal of Ecology 97 (5): 
864–75. https://doi.org/10.1111/j.1365-2745.2009.01536.x.

De Ridder-Duine, Annelies S., Wiecher Smant, Annemieke Van der Wal, Johannes A. Van 
Veen, and Wietse De Boer. 2006. “Evaluation of a Simple, Non-Alkaline Extraction 
Protocol to Quantify Soil Ergosterol.” Pedobiologia 50 (4): 293–300. https://doi.
org/10.1016/j.pedobi.2006.03.004.

De Vries, F. T., and R. D. Bardgett. 2012. “Plant-Microbial Linkages and Ecosystem Nitrogen 
Retention: Lessons for Sustainable Agriculture.” Frontiers in Ecology and the 
Environment 10 (8): 425–32. https://doi.org/10.1890/110162.

De Vries, F. T., P. Manning, J. R. B. Tallowin, S. R. Mortimer, E. S. Pilgrim, K. A. Harrison, P. 
J. Hobbs, et al. 2012a. “Abiotic Drivers and Plant Traits Explain Landscape-Scale 
Patterns in Soil Microbial Communities.” Ecology Letters 15 (11): 1230–39. https://doi.
org/10.1111/j.1461-0248.2012.01844.x.

De Vries, Franciska T., Mira E. Liiri, Lisa Bjørnlund, Matthew A. Bowker, Søren Christensen, 
Heikki M. Setälä, and Richard D. Bardgett. 2012b. “Land Use Alters the Resistance 
and Resilience of Soil Food Webs to Drought.” Nature Climate Change 2 (4): 276–80. 
https://doi.org/10.1038/nclimate1368.

Deacon, Lewis J., E. Janie Pryce-Miller, Juliet C. Frankland, Brian W. Bainbridge, Peter 
D. Moore, and Clare H. Robinson. 2006. “Diversity and Function of Decomposer 



References

160

Fungi from a Grassland Soil.” Soil Biology and Biochemistry 38 (1): 7–20. https://doi.
org/10.1016/j.soilbio.2005.04.013.

Del Grosso, S. J., D. S. Ojima, W. J. Parton, E. Stehfest, M. Heistermann, B. DeAngelo, and 
S. Rose. 2009. “Global Scale DAYCENT Model Analysis of Greenhouse Gas Emissions 
and Mitigation Strategies for Cropped Soils.” Global and Planetary Change 67 (1–2): 
44–50. https://doi.org/10.1016/j.gloplacha.2008.12.006.

Delgado-Baquerizo, M., F. T. Maestre, P. B. Reich, T. C. Jeffries, J. J. Gaitan, D. Encinar, 
M. Berdugo, C. D. Campbell, and B. K. Singh. 2016. “Microbial Diversity Drives 
Multifunctionality in Terrestrial Ecosystems.” Nature Communications 7 (January): 8. 
https://doi.org/10.1038/ncomms10541.

Delgado-Baquerizo, Manuel, Peter B. Reich, Chanda Trivedi, David J. Eldridge, Sebastián 
Abades, Fernando D. Alfaro, Felipe Bastida, et al. 2020. “Multiple Elements of Soil 
Biodiversity Drive Ecosystem Functions across Biomes.” Nature Ecology & Evolution 4 
(2): 210–20. https://doi.org/10.1038/s41559-019-1084-y.

Delgado-Baquerizo, Manuel, Pankaj Trivedi, Chanda Trivedi, David J. Eldridge, Peter B. 
Reich, Thomas C. Jeffries, Brajesh K. Singh, and Alison Bennett. 2017. “Microbial 
Richness and Composition Independently Drive Soil Multifunctionality.” Functional 
Ecology 31 (12): 2330–43. https://doi.org/10.1111/1365-2435.12924.

Diacono, Mariangela, and Francesco Montemurro. 2010. “Long-Term Effects of Organic 
Amendments on Soil Fertility. A Review.” Agronomy for Sustainable Development 30 
(2): 401–22. https://doi.org/10.1051/agro/2009040.

Dickie, Ian A., Tadashi Fukami, J. Paula Wilkie, Robert B. Allen, and Peter K. Buchanan. 2012. 
“Do Assembly History Effects Attenuate from Species to Ecosystem Properties? A 
Field Test with Wood-Inhabiting Fungi.” Ecology Letters 15 (2): 133–41. https://doi.
org/10.1111/j.1461-0248.2011.01722.x.

Dijk, S., Bruce Ball, and U. Skiba. 2002. “The Influence of Tillage on NO and N 2 O Fluxes 
under Spring and Winter Barley.” Soil Use and Management - SOIL USE MANAGE 18 
(December): 340–45. https://doi.org/10.1079/SUM2002141.

Dijkstra, Paul, Elena Salpas, Dawson Fairbanks, Erin B. Miller, Shannon B. Hagerty, Kees 
Jan van Groenigen, Bruce A. Hungate, Jane C. Marks, George W. Koch, and Egbert 
Schwartz. 2015. “High Carbon Use Efficiency in Soil Microbial Communities Is Related 
to Balanced Growth, Not Storage Compound Synthesis.” Soil Biology and Biochemistry 
89: 35–43. http://dx.doi.org/10.1016/j.soilbio.2015.06.021.

Domeignoz-Horta, L.A., M. Putz, A. Spor, D. Bru, M.C. Breuil, S. Hallin, and L. Philippot. 
2016b. “Non-Denitrifying Nitrous Oxide-Reducing Bacteria - An Effective N2O 
Sink in Soil.” Soil Biology and Biochemistry 103: 376–79. https://doi.org/10.1016/j.
soilbio.2016.09.010.

Domeignoz-Horta, Luiz A, C. Peyrard, D. Bru, Marie-Christine Breuil, F. Bizouard, E. Justes, 
Bruno Mary, J. Leonard, L. Philippot, and A. Spor. 2016a. “Effects of Agricultural 



References

161

Practices and Soil Properties on Soil N2O-Reducing Bacteria and in Situ N2O 
Emissions.” In Ecology of N2O Reducing Bacteria in Arable Soils, 57.

Domeignoz-Horta, Luiz A, Aymé Spor, David Bru, Marie-Christine Breuil, Florian Bizouard, 
Joël Léonard, and Laurent Philippot. 2015. “The Diversity of the N2O Reducers 
Matters for the N2O:N2 Denitrification End-Product Ratio across an Annual and 
a Perennial Cropping System.” Frontiers in Microbiology 6 (September): 971–971. 
https://doi.org/10.3389/fmicb.2015.00971.

Drost, Sytske M., Michiel Rutgers, Marja Wouterse, Wietse de Boer, and Paul L.E. Bodelier. 
2020. “Decomposition of Mixtures of Cover Crop Residues Increases Microbial 
Functional Diversity.” Geoderma 361 (March): 114060. https://doi.org/10.1016/j.
geoderma.2019.114060.

Duan, Yun-Feng, Sara Hallin, Christopher M. Jones, Anders Priemé, Rodrigo Labouriau, 
and Søren O. Petersen. 2018. “Catch Crop Residues Stimulate N2O Emissions During 
Spring, Without Affecting the Genetic Potential for Nitrite and N2O Reduction” 9 
(2629). https://doi.org/10.3389/fmicb.2018.02629.

Duarte, Sofia, Cláudia Pascoal, Artur Alves, António Correia, and Fernanda Cássio. 2010. 
“Assessing the Dynamic of Microbial Communities during Leaf Decomposition in 
a Low-Order Stream by Microscopic and Molecular Techniques.” Microbiological 
Research 165 (5): 351–62. https://doi.org/10.1016/j.micres.2009.06.002.

Duarte, Sofia, Cláudia Pascoal, Fernanda Cássio, and Felix Bärlocher. 2006. “Aquatic 
Hyphomycete Diversity and Identity Affect Leaf Litter Decomposition in Microcosms.” 
Oecologia 147 (4): 658–66. https://doi.org/10.1007/s00442-005-0300-4.

DuPont, S. T., H. Ferris, and M. Van Horn. 2009. “Effects of Cover Crop Quality and Quantity 
on Nematode-Based Soil Food Webs and Nutrient Cycling.” Applied Soil Ecology 41 
(2): 157–67. https://doi.org/10.1016/j.apsoil.2008.10.004.

Eisenhauer, N., P. B. Reich, and F. Isbell. 2012. “Decomposer Diversity and Identity Influence 
Plant Diversity Effects on Ecosystem Functioning.” Ecology 93 (10): 2227–40. https://
doi.org/10.1890/11-2266.1.

Elhakeem, Ali. 2021. “On Productivity, Resource Capture, and Yield Stability of Cover Crop 
Species Mixtures.” Wageningen: Wageningen University.

Elhakeem, Ali, Lammert Bastiaans, Saskia Houben, Twan Couwenberg, David Makowski, 
and Wopke van der Werf. 2021. “Do Cover Crop Mixtures Give Higher and More 
Stable Yields than Pure Stands?” Field Crops Research 270 (August): 108217. https://
doi.org/10.1016/j.fcr.2021.108217.

El-Ramady, Hassan. 2011. “A Contribution on the Bio-Actions of Rare Earth Elements in the 
Soil/Plant Environment” 0 (October).

Encalada, Andrea, Juan Calles, Verónica Ferreira, Cristina Canhoto, and Manuel Graça. 
2010. “Riparian Land Use and the Relationship between the Benthos and Litter 
Decomposition in Tropical Montane Streams.” Freshwater Biology 55 (April): 1719–33. 
https://doi.org/10.1111/j.1365-2427.2010.02406.x.



References

162

Epstein, E., J. M. Taylor, and R. L. Chaney. 1976. “Effects of Sewage Sludge and Sludge 
Compost Applied to Soil on Some Soil Physical and Chemical Properties.” 
Journal of Environmental Quality 5 (4): 422–26. https://doi.org/10.2134/
jeq1976.00472425000500040021x.

European-Commission. 2019. “Sustainable Land Use (Greening).” 2019. https://ec.europa.
eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/income-
support/greening_en.

Fanin, N., S. Hattenschwiler, P. F. C. Soria, and N. Fromin. 2016. “(A)Synchronous Availabilities 
of N and P Regulate the Activity and Structure of the Microbial Decomposer 
Community.” Frontiers in Microbiology 6 (January): 13. https://doi.org/10.3389/
fmicb.2015.01507.

Fernandes, Isabel, Cláudia Pascoal, and Fernanda Cássio. 2011. “Intraspecific Traits Change 
Biodiversity Effects on Ecosystem Functioning under Metal Stress.” Oecologia 166 (4): 
1019–28. https://doi.org/10.1007/s00442-011-1930-3.

Fernandes, Isabel, Begüm Uzun, Cláudia Pascoal, and Fernanda Cássio. 2009. “Responses 
of Aquatic Fungal Communities on Leaf Litter to Temperature-Change Events.” 
International Review of Hydrobiology 94 (4): 410–18. https://doi.org/10.1002/
iroh.200811163.

Ferreira, V., A. Elosegi, V. Gulis, J. Pozo, and M. A. S. Graca. 2006. “Eucalyptus Plantations 
Affect Fungal Communities Associated with Leaf-Litter Decomposition in Iberian 
Streams.” Archiv Fur Hydrobiologie 166 (4): 467–90. https://doi.org/10.1127/0003-
9136/2006/0166-0467.

Ferrer, Astrid, Katy Heath, Thomas Canam, Hector Flores, and James Dalling. 2020. 
“Contribution of Fungal and Invertebrate Communities to Wood Decay in Tropical 
Terrestrial and Aquatic Habitats.” Ecology 101 (May). https://doi.org/10.1002/
ecy.3097.

Fierer, N., M. A. Bradford, and R. B. Jackson. 2007. “Toward an Ecological Classification of 
Soil Bacteria.” Ecology 88: 1354–64.

Fierer, N., M. S. Strickland, D. Liptzin, M. A. Bradford, and C. C. Cleveland. 2009. “Global 
Patterns in Belowground Communities.” Ecology Letters 12 (11): 1238–49. https://doi.
org/10.1111/j.1461-0248.2009.01360.x.

Fierer, Noah, Jason A. Jackson, Rytas Vilgalys, and Robert B. Jackson. 2005. “Assessment 
of Soil Microbial Community Structure by Use of Taxon-Specific Quantitative 
PCR Assays.” Applied and Environmental Microbiology 71 (7): 4117–20. https://doi.
org/10.1128/aem.71.7.4117-4120.2005.

Fornara, D. A., and D. Tilman. 2008. “Plant Functional Composition Influences Rates of Soil 
Carbon and Nitrogen Accumulation.” Journal of Ecology 96 (2): 314–22. https://doi.
org/10.1111/j.1365-2745.2007.01345.x.

Francis, Christopher A., Kathryn J. Roberts, J. Michael Beman, Alyson E. Santoro, and 
Brian B. Oakley. 2005. “Ubiquity and Diversity of Ammonia-Oxidizing Archaea in 



References

163

Water Columns and Sediments of the Ocean.” Proceedings of the National Academy 
of Sciences of the United States of America 102 (41): 14683. https://doi.org/10.1073/
pnas.0506625102.

Fukasawa, Yu, and Kimiyo Matsukura. 2021. “Decay Stages of Wood and Associated Fungal 
Communities Characterise Diversity–Decomposition Relationships.” Scientific Reports 
11 (1): 8972. https://doi.org/10.1038/s41598-021-88580-2.

Galloway, James N., William H. Schlesinger, Hiram Levy II, Anthony Michaels, and 
Jerald L. Schnoor. 1995. “Nitrogen Fixation: Anthropogenic Enhancement-
Environmental Response.” Global Biogeochemical Cycles 9 (2): 235–52. https://doi.
org/10.1029/95GB00158.

Gao, Zhilei, Ida Karlsson, Stefan Geisen, George Kowalchuk, and Alexandre Jousset. 2019. 
“Protists: Puppet Masters of the Rhizosphere Microbiome.” Trends in Plant Science 24 
(2): 165–76. https://doi.org/10.1016/j.tplants.2018.10.011.

Garbeva, P., J. Postma, J. A. van Veen, and J. D. van Elsas. 2006. “Effect of Above-Ground 
Plant Species on Soil Microbial Community Structure and Its Impact on Suppression 
of Rhizoctonia Solani AG3.” Environmental Microbiology 8 (2): 233–46. https://doi.
org/10.1111/j.1462-2920.2005.00888.x.

Garland, Gina, Anna Edlinger, Samiran Banerjee, Florine Degrune, Pablo García-Palacios, 
David S. Pescador, Chantal Herzog, et al. 2021. “Crop Cover Is More Important 
than Rotational Diversity for Soil Multifunctionality and Cereal Yields in European 
Cropping Systems.” Nature Food 2 (1): 28–37. https://doi.org/10.1038/s43016-020-
00210-8.

Geisen, Stefan, Diana H. Wall, and Wim H. van der Putten. 2019. “Challenges and 
Opportunities for Soil Biodiversity in the Anthropocene.” Current Biology 29 (19): 
R1036–44. https://doi.org/10.1016/j.cub.2019.08.007.

Geraldes, Paulo, Cláudia Pascoal, and Fernanda Cássio. 2012. “Effects of Increased 
Temperature and Aquatic Fungal Diversity on Litter Decomposition.” Fungal Ecology 
5 (6): 734–40. http://dx.doi.org/10.1016/j.funeco.2012.05.007.

Gessner, Mark O., Christopher M. Swan, Christian K. Dang, Brendan G. McKie, Richard 
D. Bardgett, Diana H. Wall, and Stephan Hättenschwiler. 2010. “Diversity Meets 
Decomposition.” Trends in Ecology & Evolution 25 (6): 372–80. http://dx.doi.
org/10.1016/j.tree.2010.01.010.

Gonçalves, Ana Lúcia, Manuel A.S. Graça, and Cristina Canhoto. 2015. “Is Diversity a Buffer 
against Environmental Temperature Fluctuations? - A Decomposition Experiment 
with Aquatic Fungi.” Fungal Ecology 17 (October): 96–102. https://doi.org/10.1016/j.
funeco.2015.05.013.

Groffman, Peter M., Klaus Butterbach-Bahl, Robinson W. Fulweiler, Arthur J. Gold, Jennifer 
L. Morse, Emilie K. Stander, Christina Tague, Christina Tonitto, and Philippe Vidon. 
2009. “Challenges to Incorporating Spatially and Temporally Explicit Phenomena 



References

164

(Hotspots and Hot Moments) in Denitrification Models.” Biogeochemistry 93 (1/2): 
49–77.

Grossart, Hans-Peter, Silke Van den Wyngaert, Maiko Kagami, Christian Wurzbacher, 
Michael Cunliffe, and Keilor Rojas-Jimenez. 2019. “Fungi in Aquatic Ecosystems.” 
Nature Reviews Microbiology 17 (6): 339–54. https://doi.org/10.1038/s41579-019-
0175-8.

Gu, Wenyu, and Jeremy D. Semrau. 2017. “Copper and Cerium-Regulated Gene Expression 
in Methylosinus Trichosporium OB3b.” Applied Microbiology and Biotechnology 101 
(23): 8499–8516. https://doi.org/10.1007/s00253-017-8572-2.

Hall, Matthew K. D., Anthony J. Winters, and Gordon S. Rogers. 2014. “Variations in the 
Diurnal Flux of Greenhouse Gases from Soil and Optimizing the Sampling Protocol 
for Closed Static Chambers.” Communications in Soil Science and Plant Analysis 45 
(22): 2970–78. https://doi.org/10.1080/00103624.2014.956937.

Hall, Steven J., Wenjuan Huang, Vitaliy Timokhin I, and Kenneth E. Hammel. 2020. “Lignin 
Lags, Leads, or Limits the Decomposition of Litter and Soil Organic Carbon.” ECOLOGY. 
111 RIVER ST, HOBOKEN 07030-5774, NJ USA: WILEY. https://doi.org/10.1002/
ecy.3113.

Hallin, Sara, Christopher M Jones, Michael Schloter, and Laurent Philippot. 2009. 
“Relationship between N-Cycling Communities and Ecosystem Functioning in a 
50-Year-Old Fertilization Experiment.” The ISME Journal 3 (5): 597–605. https://doi.
org/10.1038/ismej.2008.128.

Hallin, Sara, Laurent Philippot, Frank E. Löffler, Robert A. Sanford, and Christopher M. Jones. 
2018. “Genomics and Ecology of Novel N2O-Reducing Microorganisms.” Trends in 
Microbiology 26 (1): 43–55. https://doi.org/10.1016/j.tim.2017.07.003.

Handa, I. T., R. Aerts, F. Berendse, M. P. Berg, A. Bruder, O. Butenschoen, E. Chauvet, et al. 
2014. “Consequences of Biodiversity Loss for Litter Decomposition across Biomes.” 
Nature 509 (7499): 218-+. https://doi.org/10.1038/nature13247.

Hansen, T. H., T. C. de Bang, K. H. Laursen, P. Pedas, S. Husted, and J. K. Schjoerring. 2013. 
“Multielement Plant Tissue Analysis Using ICP Spectrometry.” Methods Mol Biol 953: 
121–41. https://doi.org/10.1007/978-1-62703-152-3_8.

Hansen, Thomas H., Kristian H. Laursen, Daniel P. Persson, Pai Pedas, Søren Husted, 
and Jan K. Schjoerring. 2009. “Micro-Scaled High-Throughput Digestion of Plant 
Tissue Samples for Multi-Elemental Analysis.” Plant Methods 5 (1): 12. https://doi.
org/10.1186/1746-4811-5-12.

Haque, M. M., S. Y. Kim, P. Pramanik, G. Y. Kim, and P. J. Kim. 2013. “Optimum Application 
Level of Winter Cover Crop Biomass as Green Manure under Considering Methane 
Emission and Rice Productivity in Paddy Soil.” Biology and Fertility of Soils 49 (4): 487–
93. https://doi.org/10.1007/s00374-012-0766-2.



References

165

Harden, Torsten, and Rainer Georg Joergensen. 2000. “Relationship between Simulated 
Spatial Variability and Some Estimates of Microbial Biomass Turnover.” Soil Biology 
and Biochemistry 32 (1): 139–42. https://doi.org/10.1016/S0038-0717(99)00145-5.

Hardy, R.W.F., R.C. Burns, and R.D. Holsten. 1973. “Applications of the Acetylene-Ethylene 
Assay for Measurement of Nitrogen Fixation.” A Special Symposium Issue 5 (1): 47–81. 
https://doi.org/10.1016/0038-0717(73)90093-X.

Harrop, Brenda L., Jane C. Marks, and Mary E. Watwood. 2009. “Early Bacterial and Fungal 
Colonization of Leaf Litter in Fossil Creek, Arizona.” Journal of the North American 
Benthological Society 28 (2): 383–96. https://doi.org/10.1899/08-068.1.

Hartmann, Adrian A., Romain L. Barnard, Sven Marhan, and Pascal A. Niklaus. 2013. “Effects 
of Drought and N-Fertilization on N Cycling in Two Grassland Soils.” Oecologia 171 
(3): 705–17. https://doi.org/10.1007/s00442-012-2578-3.

Hattenschwiler, S., and P. Gasser. 2005. “Soil Animals Alter Plant Litter Diversity Effects on 
Decomposition.” Proc Natl Acad Sci U S A 102 (5): 1519–24. https://doi.org/10.1073/
pnas.0404977102.

Hattenschwiler, S., A. V. Tiunov, and S. Scheu. 2005. “Biodiversity and Litter Decomposition 
Interrestrial Ecosystems.” In Annual Review of Ecology Evolution and Systematics, 
36:191–218. Annual Review of Ecology Evolution and Systematics. Palo Alto: Annual 
Reviews.

Hättenschwiler, Stephan, Nathalie Fromin, and Sandra Barantal. 2011. “Functional 
Diversity of Terrestrial Microbial Decomposers and Their Substrates.” Biodiversity in 
Face of Human Activities / La Biodiversite Face Aux Activites Humaines 334 (5): 393–402. 
https://doi.org/10.1016/j.crvi.2011.03.001.

Hellmann, B, L Zelles, A Palojarvi, and Q Bai. 1997. “Emission of Climate-Relevant Trace 
Gases and Succession of Microbial Communities during Open-Windrow Composting.” 
Applied and Environmental Microbiology 63 (3): 1011–18. https://doi.org/10.1128/
aem.63.3.1011-1018.1997.

Henry, S., D. Bru, B. Stres, S. Hallet, and L. Philippot. 2006. “Quantitative Detection of the 
NosZ Gene, Encoding Nitrous Oxide Reductase, and Comparison of the Abundances 
of 16S RRNA, NarG, NirK, and NosZ Genes in Soils.” Applied and Environmental 
Microbiology 72 (8): 5181–89. https://doi.org/10.1128/AEM.00231-06.

Highton, Matthew P., Stéphanie Roosa, Josie Crawshaw, Marc Schallenberg, and Sergio 
E. Morales. 2016. “Physical Factors Correlate to Microbial Community Structure and 
Nitrogen Cycling Gene Abundance in a Nitrate Fed Eutrophic Lagoon.” Frontiers in 
Microbiology 7: 1691. https://doi.org/10.3389/fmicb.2016.01691.

Hiltbrunner, David, Stephan Zimmermann, Saeed Karbin, Frank Hagedorn, and Pascal 
Niklaus. 2012. “Increasing Soil Methane Sink along a 120‐year Afforestation 
Chronosequence Is Driven by Soil Moisture.” Global Change Biology 18 (December). 
https://doi.org/10.1111/j.1365-2486.2012.02798.x.



References

166

Hiscox, J., J. O’Leary, and L. Boddy. 2018. “Fungus Wars: Basidiomycete Battles in 
Wood Decay.” Leading Women in Fungal Biology 89 (March): 117–24. https://doi.
org/10.1016/j.simyco.2018.02.003.

Hiscox, Jennifer, and Lynne Boddy. 2016. “Fungal Ecology: Principles and Mechanisms 
of Colonization and Competition by Saprotrophic Fungi.” Microbiology Spectrum 4 
(November): 1. https://doi.org/10.1128/microbiolspec.FUNK-0019-2016.

Hiscox, Jennifer, George Clarkson, Melanie Savoury, Georgina Powell, Ioannis Savva, 
Matthew Lloyd, Joseph Shipcott, Argyrios Choimes, Xavier Amargant Cumbriu, and 
Lynne Boddy. 2016. “Effects of Pre-Colonisation and Temperature on Interspecific 
Fungal Interactions in Wood.” Fungal Ecology 21 (June): 32–42. https://doi.
org/10.1016/j.funeco.2016.01.011.

Hiscox, Jennifer, Melanie Savoury, Ian P. Vaughan, Carsten T. Müller, and Lynne Boddy. 
2015. “Antagonistic Fungal Interactions Influence Carbon Dioxide Evolution from 
Decomposing Wood.” Fungal Ecology 14 (April): 24–32. https://doi.org/10.1016/j.
funeco.2014.11.001.

Ho, A, HJ Lee, M Reumer, M Meima-Franke, C Raaijmakers, H Zweers, W de Boer, WH 
Van der Putten, and PLE Bodelier. 2019. “Unexpected Role of Canonical Aerobic 
Methanotrophs in Upland Agricultural Soils.” SOIL BIOLOGY & BIOCHEMISTRY 131 
(April): 1–8. https://doi.org/10.1016/j.soilbio.2018.12.020.

Ho, A., A. Reim, S. Y. Kim, M. Meima-Franke, A. Termorshuizen, W. De Boer, W. H. Van der 
Putten, and P. L. E. Bodelier. 2015a. “Unexpected Stimulation of Soil Methane Uptake 
as Emergent Property of Agricultural Soils Following Bio-Based Residue Application.” 
Global Change Biology 21 (10): 3864–79. https://doi.org/10.1111/gcb.12974.

Ho, Adrian, D. Paolo Di Lonardo, and Paul L. E. Bodelier. 2017a. “Revisiting Life Strategy 
Concepts in Environmental Microbial Ecology.” FEMS Microbiology Ecology 93 (3). 
https://doi.org/10.1093/femsec/fix006.

Ho, Adrian, Alaa El-Hawwary, Sang Yoon Kim, Marion Meima-Franke, and Paul Bodelier. 
2015b. “Manure-Associated Stimulation of Soil-Borne Methanogenic Activity in 
Agricultural Soils.” Biology and Fertility of Soils 51 (4): 511–16. https://doi.org/10.1007/
s00374-015-0995-2.

Ho, Adrian, Umer Z. Ijaz, Thierry K. S. Janssens, Rienke Ruijs, Sang Yoon Kim, Wietse de Boer, 
Aad Termorshuizen, Wim H. van der Putten, and Paul L. E. Bodelier. 2017b. “Effects 
of Bio-Based Residue Amendments on Greenhouse Gas Emission from Agricultural 
Soil Are Stronger than Effects of Soil Type with Different Microbial Community 
Composition.” GCB Bioenergy 9 (12): 1707–20. https://doi.org/10.1111/gcbb.12457.

Hobbie, S. E. 2008. “Nitrogen Effects on Decomposition: A Five-Year Experiment in Eight 
Temperate Sites.” Ecology 89 (9): 2633–44.

Holmberg, J., S. Bass, and L. Timberlake. 1991. “‘Defending the Future’, p. 13.” Earthscan/
IIED, London.



References

167

Hoppe, Björn, Witoon Purahong, Tesfaye Wubet, Tiemo Kahl, Jürgen Bauhus, Tobias 
Arnstadt, Martin Hofrichter, François Buscot, and Dirk Krüger. 2016. “Linking 
Molecular Deadwood-Inhabiting Fungal Diversity and Community Dynamics to 
Ecosystem Functions and Processes in Central European Forests.” Fungal Diversity 77 
(1): 367–79. https://doi.org/10.1007/s13225-015-0341-x.

Hyde, Kevin D., Boonsom Bussaban, Barbara Paulus, Pedro W. Crous, Seonju Lee, Eric H. C. 
Mckenzie, Wipornpan Photita, and Saisamorn Lumyong. 2007. “Diversity of Saprobic 
Microfungi.” Biodiversity and Conservation 16 (1): 7–35. https://doi.org/10.1007/
s10531-006-9119-5.

Ihrmark, Katarina, Inga T.M. Bödeker, Karelyn Cruz-Martinez, Hanna Friberg, Ariana 
Kubartova, Jessica Schenck, Ylva Strid, et al. 2012. “New Primers to Amplify the 
Fungal ITS2 Region - Evaluation by 454-Sequencing of Artificial and Natural 
Communities.” FEMS Microbiology Ecology 82 (3): 666–77. https://doi.org/10.1111/
j.1574-6941.2012.01437.x.

Isbell, Forest, Paul R. Adler, Nico Eisenhauer, Dario Fornara, Kaitlin Kimmel, Claire 
Kremen, Deborah K. Letourneau, et al. 2017. “Benefits of Increasing Plant Diversity 
in Sustainable Agroecosystems.” Journal of Ecology 105 (4): 871–79. https://doi.
org/10.1111/1365-2745.12789.

Jabiol, Jérémy, Brendan G. McKie, Andreas Bruder, Caroline Bernadet, Mark O. Gessner, 
and Eric Chauvet. 2013. “Trophic Complexity Enhances Ecosystem Functioning in 
an Aquatic Detritus-Based Model System.” Journal of Animal Ecology 82 (5): 1042–51. 
https://doi.org/10.1111/1365-2656.12079.

Janzen, H.H. 2006. “The Soil Carbon Dilemma: Shall We Hoard It or Use It?” Soil Biology and 
Biochemistry 38 (3): 419–24. https://doi.org/10.1016/j.soilbio.2005.10.008.

Järveoja, Järvi, Matthias Peichl, Martin Maddison, Alar Teemusk, and Ülo Mander. 2016. 
“Full Carbon and Greenhouse Gas Balances of Fertilized and Nonfertilized Reed 
Canary Grass Cultivations on an Abandoned Peat Extraction Area in a Dry Year.” GCB 
Bioenergy 8 (5): 952–68. https://doi.org/10.1111/gcbb.12308.

Joergensen, Rainer Georg, and Florian Wichern. 2008. “Quantitative Assessment of the 
Fungal Contribution to Microbial Tissue in Soil.” Soil Biology and Biochemistry 40 (12): 
2977–91. https://doi.org/10.1016/j.soilbio.2008.08.017.

Johnston, A. E., P. R. Poulton, and K. Coleman. 2009. “SOIL ORGANIC MATTER: ITS 
IMPORTANCE IN SUSTAINABLE AGRICULTURE AND CARBON DIOXIDE FLUXES.” 
In Advances in Agronomy, Vol 101, edited by D. L. Sparks, 101:1–57. Advances in 
Agronomy. San Diego: Elsevier Academic Press Inc.

Jones, Christopher M, Daniel RH Graf, David Bru, Laurent Philippot, and Sara Hallin. 2013. 
“The Unaccounted yet Abundant Nitrous Oxide-Reducing Microbial Community: A 
Potential Nitrous Oxide Sink.” The ISME Journal 7 (2): 417–26. https://doi.org/10.1038/
ismej.2012.125.



References

168

Jones, Christopher M., Ayme Spor, Fiona P. Brennan, Marie-Christine Breuil, David Bru, 
Philippe Lemanceau, Bryan Griffiths, Sara Hallin, and Laurent Philippot. 2014. 
“Recently Identified Microbial Guild Mediates Soil N2O Sink Capacity.” Nature Climate 
Change 4 (9): 801–5. https://doi.org/10.1038/nclimate2301.

Kallenbach, C. M., S. D. Frey, and A. S. Grandy. 2016. “Direct Evidence for Microbial-
Derived Soil Organic Matter Formation and Its Ecophysiological Controls.” Nature 
Communications 7 (November). https://doi.org/10.1038/ncomms13630.

Kallenbach, C. M., D. E. Rolston, and W. R. Horwath. 2010. “Cover Cropping Affects Soil N2O 
and CO2 Emissions Differently Depending on Type of Irrigation.” Agriculture Ecosystems 
& Environment 137 (3–4): 251–60. https://doi.org/10.1016/j.agee.2010.02.010.

Kanders, Martin Johannes, Clara Berendonk, Christian Fritz, Conor Watson, and Florian 
Wichern. 2017. “Catch Crops Store More Nitrogen Below-Ground When Considering 
Rhizodeposits.” Plant and Soil 417 (1): 287–99. https://doi.org/10.1007/s11104-017-
3259-0.

Kastl, Eva-Maria, Brigitte Schloter-Hai, Franz Buegger, and Michael Schloter. 2014. “Impact 
of Fertilization on the Abundance of Nitrifiers and Denitrifiers at the Root_soil 
Interface of Plants with Different Uptake Strategies for Nitrogen.” Biology and Fertility 
of Soils 51: 57–64.

Kattge, Jens, Gerhard Bönisch, Sandra Díaz, Sandra Lavorel, Iain Colin Prentice, Paul 
Leadley, Susanne Tautenhahn, et al. 2020. “TRY Plant Trait Database - Enhanced 
Coverage and Open Access.” Global Change Biology 26 (1): 119–88. https://doi.
org/10.1111/gcb.14904.

Keltjens, Jan T., Arjan Pol, Joachim Reimann, and Huub J. M. Op den Camp. 2014. “PQQ-
Dependent Methanol Dehydrogenases: Rare-Earth Elements Make a Difference.” 
Applied Microbiology and Biotechnology 98 (14): 6163–83. https://doi.org/10.1007/
s00253-014-5766-8.

Kim, Sang Yoon, Annelies J. Veraart, Marion Meima-Franke, and Paul L. E. Bodelier. 2015. 
“Combined Effects of Carbon, Nitrogen and Phosphorus on CH4 Production and 
Denitrification in Wetland Sediments.” Geoderma 259–260: 354–61. https://doi.
org/10.1016/j.geoderma.2015.03.015.

Kirschke, Stefanie, Philippe Bousquet, Philippe Ciais, Marielle Saunois, Josep G. Canadell, 
Edward J. Dlugokencky, Peter Bergamaschi, et al. 2013. “Three Decades of 
Global Methane Sources and Sinks.” Nature Geoscience 6 (10): 813–23. https://doi.
org/10.1038/ngeo1955.

Kivlin, Stephanie N., and Kathleen K. Treseder. 2015. “Initial Phylogenetic Relatedness of 
Saprotrophic Fungal Communities Affects Subsequent Litter Decomposition Rates.” 
Microbial Ecology 69 (4): 748–57. https://doi.org/10.1007/s00248-014-0509-z.

Klamer, Morten, and Erland Bååth. 2004. “Estimation of Conversion Factors for Fungal 
Biomass Determination in Compost Using Ergosterol and PLFA 18:2ω6,9.” Soil Biology 
and Biochemistry 36 (1): 57–65. https://doi.org/10.1016/j.soilbio.2003.08.019.



References

169

Klindworth, Anna, Elmar Pruesse, Timmy Schweer, Jörg Peplies, Christian Quast, Matthias 
Horn, and Frank Oliver Glöckner. 2013. “Evaluation of General 16S Ribosomal RNA 
Gene PCR Primers for Classical and Next-Generation Sequencing-Based Diversity 
Studies.” Nucleic Acids Research 41 (1): e1–e1. https://doi.org/10.1093/nar/gks808.

Kramer, Sasha B., John P. Reganold, Jerry D. Glover, Brendan J. M. Bohannan, and Harold 
A. Mooney. 2006. “Reduced Nitrate Leaching and Enhanced Denitrifier Activity 
and Efficiency in Organically Fertilized Soils.” Proceedings of the National Academy 
of Sciences of the United States of America 103 (12): 4522. https://doi.org/10.1073/
pnas.0600359103.

Krause, Sascha M. B., Stefan Bertilsson, Hans-Peter Grossart, P. L. E. Bodelier, Peter M. van 
Bodegom, Jay T. Lennon, Laurent Philippot, and Xavier Le Roux. 2021. “Microbial Trait-
Based Approaches for Agroecosystems.” In . OSF Preprints. https://doi.org/10.31219/
osf.io/tw56v.

Krause, Sascha M. B., Timothy Johnson, Yasodara Samadhi Karunaratne, Yanfen Fu, David A. 
C. Beck, Ludmila Chistoserdova, and Mary E. Lidstrom. 2017. “Lanthanide-Dependent 
Cross-Feeding of Methane-Derived Carbon Is Linked by Microbial Community 
Interactions.” Proceedings of the National Academy of Sciences 114 (2): 358–63. https://
doi.org/10.1073/pnas.1619871114.

Kravchenko, A. N., E. R. Toosi, A. K. Guber, N. E. Ostrom, J. Yu, K. Azeem, M. L. Rivers, and 
G. P. Robertson. 2017. “Hotspots of Soil N2O Emission Enhanced through Water 
Absorption by Plant Residue.” Nature Geoscience 10 (7): 496–500. https://doi.
org/10.1038/ngeo2963.

Krevs, Alina, Ale Kucinskiene, Rimute Mackinaite, and Levonas Manusadzianas. 2017. 
“Microbial Colonization and Decomposition of Invasive and Native Leaf Litter in the 
Littoral Zone of Lakes of Different Trophic State.” LIMNOLOGICA. HACKERBRUCKE 
6, 80335 MUNICH, GERMANY: ELSEVIER GMBH. https://doi.org/10.1016/j.
limno.2017.08.002.

Kubartová, Ariana, Elisabet Ottosson, and Jan Stenlid. 2015. “Linking Fungal Communities 
to Wood Density Loss after 12 Years of Log Decay.” FEMS Microbiology Ecology 91 
(fiv032). https://doi.org/10.1093/femsec/fiv032.

Lal, R. 2004. “Soil Carbon Sequestration Impacts on Global Climate Change and Food 
Security.” Science 304 (5677): 1623–27. https://doi.org/10.1126/science.1097396.

Lange, M., N. Eisenhauer, C. A. Sierra, H. Bessler, C. Engels, R. I. Griffiths, P. G. Mellado-
Vazquez, et al. 2015. “Plant Diversity Increases Soil Microbial Activity and Soil Carbon 
Storage.” Nat Commun 6 (April): 6707. https://doi.org/10.1038/ncomms7707.

Lange, Markus, Eva Koller-France, Anke Hildebrandt, Yvonne Oelmann, Wolfgang Wilcke, 
and Gerd Gleixner. 2019. “Chapter Six - How Plant Diversity Impacts the Coupled 
Water, Nutrient and Carbon Cycles.” In Advances in Ecological Research, edited by 
Nico Eisenhauer, David A. Bohan, and Alex J. Dumbrell, 61:185–219. Academic Press. 
https://doi.org/10.1016/bs.aecr.2019.06.005.



References

170

Lecerf, A., and J. S. Richardson. 2010. “Biodiversity-Ecosystem Function Research: Insights 
Gained from Streams.” River Research and Applications 26 (1): 45–54. https://doi.
org/10.1002/rra.1286.

Lecerf, Antoine, and Eric Chauvet. 2008. “Diversity and Functions of Leaf-Decaying 
Fungi in Human-Altered Streams.” Freshwater Biology 53 (8): 1658–72. https://doi.
org/10.1111/j.1365-2427.2008.01986.x.

Lee, Marissa R., Jeff R. Powell, Brad Oberle, William K. Cornwell, Mitchell Lyons, Jessica L. 
Rigg, and Amy E. Zanne. 2019. “Good Neighbors Aplenty: Fungal Endophytes Rarely 
Exhibit Competitive Exclusion Patterns across a Span of Woody Habitats.” ECOLOGY. 
111 RIVER ST, HOBOKEN 07030-5774, NJ USA: WILEY. https://doi.org/10.1002/
ecy.2790.

Lehman, R. Michael, Wendy I. Taheri, Shannon L. Osborne, Jeffrey S. Buyer, and David D. 
Douds. 2012. “Fall Cover Cropping Can Increase Arbuscular Mycorrhizae in Soils 
Supporting Intensive Agricultural Production.” Applied Soil Ecology 61: 300–304. 
https://doi.org/10.1016/j.apsoil.2011.11.008.

Lehmann, J., and M. Kleber. 2015. “The Contentious Nature of Soil Organic Matter.” Nature 
528 (7580): 60–68. https://doi.org/10.1038/nature16069.

Lehuger, Simon, Benoît Gabrielle, Patricia Laville, Matieyendou Lamboni, Benjamin 
Loubet, and Pierre Cellier. 2011. “Predicting and Mitigating the Net Greenhouse Gas 
Emissions of Crop Rotations in Western Europe.” Agricultural and Forest Meteorology 
151 (12): 1654–71. https://doi.org/10.1016/j.agrformet.2011.07.002.

Levine, U. Y., T. K. Teal, G. P. Robertson, and T. M. Schmidt. 2011. “Agriculture’s Impact on 
Microbial Diversity and Associated Fluxes of Carbon Dioxide and Methane.” Isme 
Journal 5 (10): 1683–91. https://doi.org/10.1038/ismej.2011.40.

Li, Xiaoxi, Peter Sørensen, Jørgen E. Olesen, and Søren O. Petersen. 2016. “Evidence for 
Denitrification as Main Source of N2O Emission from Residue-Amended Soil.” Soil 
Biology and Biochemistry 92: 153–60. http://dx.doi.org/10.1016/j.soilbio.2015.10.008.

Lim, S., and S. J. Franklin. 2004. “Lanthanide-Binding Peptides and the Enzymes That Might 
Have Been.” Cellular and Molecular Life Sciences CMLS 61 (17): 2184–88. https://doi.
org/10.1007/s00018-004-4156-2.

Liu, Ping, Jianhui Huang, Xingguo Han, Osbert J. Sun, and Zhiyong Zhou. 2006. “Differential 
Responses of Litter Decomposition to Increased Soil Nutrients and Water between 
Two Contrasting Grassland Plant Species of Inner Mongolia, China.” Applied Soil 
Ecology 34 (2): 266–75. https://doi.org/10.1016/j.apsoil.2005.12.009.

Liu, Xiaojiao, S. Emilia Hannula, Xiaogang Li, Maria P.J. Hundscheid, Paulien J.A. klein 
Gunnewiek, Anna Clocchiatti, Wei Ding, and Wietse de Boer. 2021. “Decomposing 
Cover Crops Modify Root-Associated Microbiome Composition and Disease 
Tolerance of Cash Crop Seedlings.” Soil Biology and Biochemistry 160 (September): 
108343. https://doi.org/10.1016/j.soilbio.2021.108343.



References

171

Loreau, M. 2001. “Microbial Diversity, Producer-Decomposer Interactions and Ecosystem 
Processes: A Theoretical Model.” Proceedings. Biological Sciences 268 (1464): 303–9. 
https://doi.org/10.1098/rspb.2000.1366.

Lustenhouwer, Nicky, Daniel S. Maynard, Mark A. Bradford, Daniel L. Lindner, Brad Oberle, 
Amy E. Zanne, and Thomas W. Crowther. 2020. “A Trait-Based Understanding of Wood 
Decomposition by Fungi.” Proceedings of the National Academy of Sciences 117 (21): 
11551. https://doi.org/10.1073/pnas.1909166117.

Maamri, Abdellatif, Felix Bärlocher, Eric Pattee, and Hassan Chergui. 2001. �Fungal and 
Bacterial Colonisation of Salix PedicellataLeaves Decaying in Permanent and 
Intermittent Streams in Eastern Morocco.” International Review of Hydrobiology 
86 (3): 337–48. https://doi.org/10.1002/1522-2632(200106)86:3<337::AID-
IROH337>3.0.CO;2-N.

Makowski, David, François Piraux, and François Brun. 2019. From Experimental Network 
to Meta-Analysis: Methods and Applications with R for Agronomic and Environmental 
Sciences. https://doi.org/10.1007/978-94-024-1696-1.

Mallon, C. A., X. Le Roux, G. S. van Doorn, F. Dini-Andreote, F. Poly, and J. F. Salles. 2018. 
“The Impact of Failure: Unsuccessful Bacterial Invasions Steer the Soil Microbial 
Community Away from the Invader’s Niche.” Isme Journal 12 (3): 728–41. https://doi.
org/10.1038/s41396-017-0003-y.

Mallon, Cyrus A., Franck Poly, Xavier Le Roux, Irene Marring, Jan Dirk van Elsas, and 
Joana Falcão Salles. 2015a. “Resource Pulses Can Alleviate the Biodiversity-Invasion 
Relationship in Soil Microbial Communities.” Ecology 96 (4): 915–26. https://doi.
org/10.1890/14-1001.1.

Mallon, Cyrus Alexander, Jan Dirk van Elsas, and Joana Falcão Salles. 2015b. “Microbial 
Invasions: The Process, Patterns, and Mechanisms.” Trends in Microbiology 23 (11): 
719–29. https://doi.org/10.1016/j.tim.2015.07.013.

Malyan, Sandeep K., Arti Bhatia, Amit Kumar, Dipak Kumar Gupta, Renu Singh, Smita 
S. Kumar, Ritu Tomer, Om Kumar, and Niveta Jain. 2016. “Methane Production, 
Oxidation and Mitigation: A Mechanistic Understanding and Comprehensive 
Evaluation of Influencing Factors.” Science of The Total Environment 572 (December): 
874–96. https://doi.org/10.1016/j.scitotenv.2016.07.182.

Marinari, Sara, Roberto Mancinelli, Paola Brunetti, and Enio Campiglia. 2015. “Soil 
Quality, Microbial Functions and Tomato Yield under Cover Crop Mulching in the 
Mediterranean Environment.” Soil and Tillage Research 145 (January): 20–28. https://
doi.org/10.1016/j.still.2014.08.002.

Marschner, P., Z. Hatam, and T. R. Cavagnaro. 2015. “Soil Respiration, Microbial Biomass and 
Nutrient Availability after the Second Amendment Are Influenced by Legacy Effects 
of Prior Residue Addition.” Soil Biology and Biochemistry 88 (September): 169–77. 
https://doi.org/10.1016/j.soilbio.2015.05.023.



References

172

Martin, Marcel. 2011. “Cutadapt Removes Adapter Sequences from High-Throughput 
Sequencing Reads.” EMBnet.Journal; Vol 17, No 1: Next Generation Sequencing Data 
Analysis. https://doi.org/10.14806/ej.17.1.200.

Maul, J. E., J. S. Buyer, R. M. Lehman, S. Culman, C. B. Blackwood, D. P. Roberts, I. A. Zasada, 
and J. R. Teasdale. 2014. “Microbial Community Structure and Abundance in the 
Rhizosphere and Bulk Soil of a Tomato Cropping System That Includes Cover Crops.” 
Applied Soil Ecology 77 (May): 42–50. https://doi.org/10.1016/j.apsoil.2014.01.002.

Maxfield, P. J., E. R. C. Hornibrook, and R. P. Evershed. 2008. “Acute Impact of Agriculture on 
High-Affinity Methanotrophic Bacterial Populations.” Environmental Microbiology 10 
(7): 1917–24. https://doi.org/10.1111/j.1462-2920.2008.01587.x.

Maynard, Daniel S., Mark A. Bradford, Kristofer R. Covey, Daniel Lindner, Jessie Glaeser, 
Douglas A. Talbert, Paul Joshua Tinker, Donald M. Walker, and Thomas W. Crowther. 
2019. “Consistent Trade-Offs in Fungal Trait Expression across Broad Spatial Scales.” 
Nature Microbiology 4 (5): 846–53. https://doi.org/10.1038/s41564-019-0361-5.

Mbuthia, Lilian Wanjiru, Veronica Acosta-Martínez, Jennifer DeBruyn, Sean Schaeffer, 
Donald Tyler, Evah Odoi, Molefi Mpheshea, Forbes Walker, and Neal Eash. 2015. “Long 
Term Tillage, Cover Crop, and Fertilization Effects on Microbial Community Structure, 
Activity: Implications for Soil Quality.” Soil Biology and Biochemistry 89: 24–34. http://
dx.doi.org/10.1016/j.soilbio.2015.06.016.

McCourty, M. A., A. J. Gyawali, and R. D. Stewart. 2018. “Of Macropores and Tillage: Influence 
of Biomass Incorporation on Cover Crop Decomposition and Soil Respiration.” Soil 
Use and Management 34 (1): 101–10. https://doi.org/10.1111/sum.12403.

McLaren, Michael R. 2020. “Silva SSU Taxonomic Training Data Formatted for DADA2 (Silva 
Version 138).” Zenedo, August. https://doi.org/10.5281/zenodo.3986799.

Mendes, Rodrigo, Paolina Garbeva, and Jos M. Raaijmakers. 2013. “The Rhizosphere 
Microbiome: Significance of Plant Beneficial, Plant Pathogenic, and Human 
Pathogenic Microorganisms.” FEMS Microbiology Reviews 37 (5): 634–63. https://doi.
org/10.1111/1574-6976.12028.

Menzies, Neal W., Michael J. Donn, and Peter M. Kopittke. 2007. “Evaluation of Extractants 
for Estimation of the Phytoavailable Trace Metals in Soils.” Environmental Pollution 
145 (1): 121–30. https://doi.org/10.1016/j.envpol.2006.03.021.

Mesquita, A., C. Pascoal, and F. Cassio. 2007. “Assessing Effects of Eutrophication in Streams 
Based on Breakdown of Eucalypt Leaves.” Fundamental and Applied Limnology 168 
(3): 221–30. https://doi.org/10.1127/1863-9135/2007/0168-0221.

Mester, T., E. Varela, and M. Tien. 2004. “Wood Degradation by Brown-Rot and White-
Rot Fungi.” In Genetics and Biotechnology, edited by Ulrich Kück, 355-68. Berlin, 
Heidelberg: Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-662-07426-
8_17.

Miura, Toshiko, Ainin Niswati, I. G. Swibawa, Sri Haryani, Heru Gunito, Satoshi Shimano, 
Koichi Fujie, and Nobuhiro Kaneko. 2015. “Diversity of Fungi on Decomposing Leaf 



References

173

Litter in a Sugarcane Plantation and Their Response to Tillage Practice and Bagasse 
Mulching: Implications for Management Effects on Litter Decomposition.” Microbial 
Ecology 70 (3): 646–58. https://doi.org/10.1007/s00248-015-0620-9.

Miura, Toshiko, Ainin Niswati, I. Gede Swibawa, Sri Haryani, Heru Gunito, and Nobuhiro 
Kaneko. 2013. “No Tillage and Bagasse Mulching Alter Fungal Biomass and 
Community Structure during Decomposition of Sugarcane Leaf Litter in Lampung 
Province, Sumatra, Indonesia.” Soil Biology and Biochemistry 58: 27–35. http://dx.doi.
org/10.1016/j.soilbio.2012.10.042.

Moorhead, Daryl L., and Robert L. Sinsabaugh. 2006. “A Theoretical Model of Litter Decay 
and Microbial Interaction.” Ecological Monographs 76: 151–74.

Mooshammer, M., W. Wanek, I. Hammerle, L. Fuchslueger, F. Hofhansl, A. Knoltsch, J. 
Schnecker, et al. 2014b. “Adjustment of Microbial Nitrogen Use Efficiency to Carbon: 
Nitrogen Imbalances Regulates Soil Nitrogen Cycling.” Nature Communications 5: 7. 
https://doi.org/10.1038/ncomms4694.

Mooshammer, M., W. Wanek, S. Zechmeister-Boltenstern, and A. Richter. 2014a. 
“Stoichiometric Imbalances between Terrestrial Decomposer Communities and 
Their Resources: Mechanisms and Implications of Microbial Adaptations to Their 
Resources.” Frontiers in Microbiology 5: 10. https://doi.org/10.3389/fmicb.2014.00022.

Morriën, Elly, S. Emilia Hannula, L. Basten Snoek, Nico R. Helmsing, Hans Zweers, Mattias 
de Hollander, Raquel Luján Soto, et al. 2017. “Soil Networks Become More Connected 
and Take up More Carbon as Nature Restoration Progresses.” Nature Communications 
8 (1): 14349. https://doi.org/10.1038/ncomms14349.

Mosier, A.R., and J.A. Delgado. 1997. “Methane and Nitrous Oxide Fluxes in Grasslands in 
Western Puerto Rico.” Chemosphere 35 (9): 2059–82. https://doi.org/10.1016/S0045-
6535(97)00231-2.

Muhammad, Ihsan, Upendra M. Sainju, Fazhu Zhao, Ahmad Khan, Rajan Ghimire, Xin Fu, 
and Jun Wang. 2019. “Regulation of Soil CO2 and N2O Emissions by Cover Crops: 
A Meta-Analysis.” Soil and Tillage Research 192 (September): 103–12. https://doi.
org/10.1016/j.still.2019.04.020.

Muhammad, Ihsan, Jun Wang, Upendra M. Sainju, Shaohong Zhang, Fazhu Zhao, and 
Ahmad Khan. 2021. “Cover Cropping Enhances Soil Microbial Biomass and Affects 
Microbial Community Structure: A Meta-Analysis.” Geoderma 381 (January): 114696. 
https://doi.org/10.1016/j.geoderma.2020.114696.

Muszynski, Sarah, Florian Maurer, Sina Henjes, Marcus A. Horn, and Matthias Noll. 2021. 
“Fungal and Bacterial Diversity Patterns of Two Diversity Levels Retrieved From a Late 
Decaying Fagus Sylvatica Under Two Temperature Regimes.” Frontiers in Microbiology 
11: 3168. https://doi.org/10.3389/fmicb.2020.548793.

Nair, A., and M. Ngouajio. 2012. “Soil Microbial Biomass, Functional Microbial Diversity, 
and Nematode Community Structure as Affected by Cover Crops and Compost in an 



References

174

Organic Vegetable Production System.” Applied Soil Ecology 58 (July): 45–55. https://
doi.org/10.1016/j.apsoil.2012.03.008.

Nakamoto, Tomomi, Masakazu Komatsuzaki, Toshiyuki Hirata, and Hajime Araki. 2012. 
“Effects of Tillage and Winter Cover Cropping on Microbial Substrate-Induced 
Respiration and Soil Aggregation in Two Japanese Fields.” Soil Science and Plant 
Nutrition 58 (1): 70–82. https://doi.org/10.1080/00380768.2011.650134.

Nguyen, Nhu H., Zewei Song, Scott T. Bates, Sara Branco, Leho Tedersoo, Jon Menke, 
Jonathan S. Schilling, and Peter G. Kennedy. 2016a. “FUNGuild: An Open Annotation 
Tool for Parsing Fungal Community Datasets by Ecological Guild.” Fungal Ecology 20: 
241–48. https://doi.org/10.1016/j.funeco.2015.06.006.

Nguyen, Trung Ta, Timothy R. Cavagnaro, Hue Thi Thanh Ngo, and Petra Marschner. 2016b. 
“Soil Respiration, Microbial Biomass and Nutrient Availability in Soil Amended with 
High and Low C/N Residue – Influence of Interval between Residue Additions.” Soil 
Biology and Biochemistry 95: 189–97. http://dx.doi.org/10.1016/j.soilbio.2015.12.020.

Nicolardot, Bernard, Lamia Bouziri, Fabiola Bastian, and Lionel Ranjard. 2007. “A Microcosm 
Experiment to Evaluate the Influence of Location and Quality of Plant Residues 
on Residue Decomposition and Genetic Structure of Soil Microbial Communities.” 
Soil Biology and Biochemistry 39 (7): 1631–44. https://doi.org/10.1016/j.
soilbio.2007.01.012.

Norris, Mark D., Peter G. Avis, Peter B. Reich, and Sarah E. Hobbie. 2013. “Positive Feedbacks 
between Decomposition and Soil Nitrogen Availability along Fertility Gradients.” 
Plant and Soil 367 (1): 347–61. https://doi.org/10.1007/s11104-012-1449-3.

Olson, K. R., S. A. Ebelhar, and J. M. Lang. 2010. “Cover Crop Effects on Crop Yields and 
Soil Organic Carbon Content.” Soil Science 175 (2): 89–98. https://doi.org/10.1097/
SS.0b013e3181cf7959.

Orellana, Luis H., Joanne C. Chee-Sanford, Robert A. Sanford, Frank E. Löffler, Konstantinos 
T. Konstantinidis, and Marie A. Elliot. 2018. “Year-Round Shotgun Metagenomes 
Reveal Stable Microbial Communities in Agricultural Soils and Novel Ammonia 
Oxidizers Responding to Fertilization.” Applied and Environmental Microbiology 84 
(2): e01646-17. https://doi.org/10.1128/AEM.01646-17.

Palmer, Todd  M., Maureen  L. Stanton, and Truman  P. Young. 2003. “Competition 
and Coexistence: Exploring Mechanisms That Restrict and Maintain Diversity 
within Mutualist Guilds.” The American Naturalist 162 (S4): S63–79. https://doi.
org/10.1086/378682.

Partey, S. T., R. F. Preziosi, and G. D. Robson. 2014. “Improving Maize Residue Use in Soil 
Fertility Restoration by Mixing with Residues of Low C-to-N Ratio: Effects on C and N 
Mineralization and Soil Microbial Biomass.” Journal of Soil Science and Plant Nutrition 
14 (3): 518–31.

Pascoal, Cláudia, Fernanda Cassio, and Ludmila Marvanová. 2005. “Anthropogenic 
Stress May Affect Aquatic Hyphomycete Diversity More than Leaf Decomposition 



References

175

in a Low-Order Stream.” Archiv Für Hydrobiologie 162 (April): 481–96. https://doi.
org/10.1127/0003-9136/2005/0162-0481.

Pascoal, Cláudia, Fernanda Cássio, Liliya Nikolcheva, and Felix Bärlocher. 2010. “Realized 
Fungal Diversity Increases Functional Stability of Leaf Litter Decomposition Under 
Zinc Stress.” Microbial Ecology 59 (1): 84–93. https://doi.org/10.1007/s00248-009-
9567-z.

Paustian, K., J. Lehmann, S. Ogle, D. Reay, G. P. Robertson, and P. Smith. 2016. “Climate-
Smart Soils.” Nature 532 (7597): 49–57. https://doi.org/10.1038/nature17174.

Pérez, Javier, Enrique Descals, and Jesús Pozo. 2012. “Aquatic Hyphomycete Communities 
Associated with Decomposing Alder Leaf Litter in Reference Headwater Streams of 
the Basque Country (Northern Spain).” Microbial Ecology 64 (2): 279–90. https://doi.
org/10.1007/s00248-012-0022-1.

Perez-Alvarez, E. P., J. L. Perez-Sotes, E. Garcia-Escudero, and F. Peregrina. 2013. “Cover Crop 
Short-Term Effects on Soil NO3--N Availability, Nitrogen Nutritional Status, Yield, and 
Must Quality in a Calcareous Vineyard of the AOC Rioja, Spain.” Communications in 
Soil Science and Plant Analysis 44 (1–4): 711–21. https://doi.org/10.1080/00103624.
2013.748122.

Petersen, Søren O., James K. Mutegi, Elly M. Hansen, and Lars J. Munkholm. 2011. “Tillage 
Effects on N2O Emissions as Influenced by a Winter Cover Crop.” Soil Biology and 
Biochemistry 43 (7): 1509–17. http://dx.doi.org/10.1016/j.soilbio.2011.03.028.

Philippot, L., A. Spor, C. Henault, D. Bru, F. Bizouard, C. M. Jones, A. Sarr, and P. A. Maron. 
2013. “Loss in Microbial Diversity Affects Nitrogen Cycling in Soil.” ISME J 7 (8): 1609–
19. https://doi.org/10.1038/ismej.2013.34.

Poeplau, Christopher, and Axel Don. 2015. “Carbon Sequestration in Agricultural Soils via 
Cultivation of Cover Crops – A Meta-Analysis.” Agriculture, Ecosystems & Environment 
200 (February): 33–41. https://doi.org/10.1016/j.agee.2014.10.024.

Poeplau, Christopher, Axel Don, Lars Vesterdal, Jens Leifeld, Bas van Wesemael, Jens 
Schumacher, and Andreas Gensior. 2011. “Temporal Dynamics of Soil Organic Carbon 
after Land-Use Change in the Temperate Zone – Carbon Response Functions as a 
Model Approach.” Global Change Biology 17 (7): 2415–27. https://doi.org/10.1111/
j.1365-2486.2011.02408.x.

Pol, Arjan, Thomas R. M. Barends, Andreas Dietl, Ahmad F. Khadem, Jelle Eygensteyn, Mike 
S. M. Jetten, and Huub J. M. Op den Camp. 2014. “Rare Earth Metals Are Essential for 
Methanotrophic Life in Volcanic Mudpots.” Environmental Microbiology 16 (1): 255–
64. https://doi.org/10.1111/1462-2920.12249.

Poly, Franck, Lucile Jocteur Monrozier, and René Bally. 2001. “Improvement in the RFLP 
Procedure for Studying the Diversity of NifH Genes in Communities of Nitrogen 
Fixers in Soil.” Research in Microbiology 152 (1): 95–103. https://doi.org/10.1016/
S0923-2508(00)01172-4.



References

176

Porre, Rima J. 2020. “Clever Cover Cropping: Litter Trait Diversities and Elemental Flows.” 
Wageningen: Wageningen University.

Porre, Rima J., Wopke van der Werf, Gerlinde B. De Deyn, Tjeerd Jan Stomph, and Ellis 
Hoffland. 2020. “Is Litter Decomposition Enhanced in Species Mixtures? A Meta-
Analysis.” Soil Biology and Biochemistry 145 (June): 107791. https://doi.org/10.1016/j.
soilbio.2020.107791.

Postma, J., M. T. Schilder, J. Bloem, and W. K. van Leeumen-Haagsma. 2008. “Soil 
Suppressiveness and Functional Diversity of the Soil Microflora in Organic Farming 
Systems.” Soil Biology & Biochemistry 40 (9): 2394–2406. https://doi.org/10.1016/j.
soilbio.2008.05.023.

Pratscher, Jennifer, John Vollmers, Sandra Wiegand, Marc G. Dumont, and Anne-Kristin 
Kaster. 2018. “Unravelling the Identity, Metabolic Potential and Global Biogeography 
of the Atmospheric Methane-Oxidizing Upland Soil Cluster α.” Environmental 
Microbiology 20 (3): 1016–29. https://doi.org/10.1111/1462-2920.14036.

Purahong, Witoon, Katherina A. Pietsch, Guillaume Lentendu, Ricardo Schoeps, 
Helge Bruelheide, Christian Wirth, Francois Buscot, and Tesfaye Wubet. 2017. 
“Characterization of Unexplored Deadwood Mycobiome in Highly Diverse 
Subtropical Forests Using Culture-Independent Molecular Technique.” FRONTIERS 
IN MICROBIOLOGY. AVENUE DU TRIBUNAL FEDERAL 34, LAUSANNE, CH-1015, 
SWITZERLAND: FRONTIERS MEDIA SA. https://doi.org/10.3389/fmicb.2017.00574.

Ramírez-García, Javier, José María Carrillo, Magdalena Ruiz, María Alonso-Ayuso, and 
Miguel Quemada. 2015. “Multicriteria Decision Analysis Applied to Cover Crop 
Species and Cultivars Selection.” Field Crops Research 175: 106–15. http://dx.doi.
org/10.1016/j.fcr.2015.02.008.

Raviraja, N.S., L.G. Nikolcheva, and F. Baerlocher. 2006. “Fungal Growth and Leaf 
Decomposition Are Affected by Amount and Type of Inoculum and by External 
Nutrients.” Sydowia -Horn- 58 (June): 91–104.

Redin, Marciel, Sylvie Recous, Celso Aita, Guilherme Dietrich, Alex Caitan Skolaude, Willian 
Hytalo Ludke, Raquel Schmatz, and Sandro José Giacomini. 2014. “How the Chemical 
Composition and Heterogeneity of Crop Residue Mixtures Decomposing at the Soil 
Surface Affects C and N Mineralization.” Soil Biology and Biochemistry 78: 65–75. 
http://dx.doi.org/10.1016/j.soilbio.2014.07.014.

Reiss, Julia, Jon R. Bridle, José M. Montoya, and Guy Woodward. 2009. “Emerging Horizons 
in Biodiversity and Ecosystem Functioning Research.” Trends in Ecology & Evolution 24 
(9): 505–14. https://doi.org/10.1016/j.tree.2009.03.018.

Rincon, Jose, and Roberto Santelloco. 2009. “Aquatic Fungi Associated with Decomposing 
Ficus Sp. Leaf Litter in a Neotropical Stream.” Journal of the North American 
Benthological Society 28 (2): 416–25. https://doi.org/10.1899/07-084.1.

Rotthauwe, J H, K P Witzel, and W Liesack. 1997. “The Ammonia Monooxygenase Structural 
Gene AmoA as a Functional Marker: Molecular Fine-Scale Analysis of Natural 



References

177

Ammonia-Oxidizing Populations.” Applied and Environmental Microbiology 63 (12): 
4704–12. https://doi.org/10.1128/aem.63.12.4704-4712.1997.

Rousk, J., and E. Baath. 2011. “Growth of Saprotrophic Fungi and Bacteria in Soil.” Fems 
Microbiology Ecology 78 (1): 17–30. https://doi.org/10.1111/j.1574-6941.2011.01106.x.

Ruijven, Jasper van, and Frank Berendse. 2005. “Diversity–Productivity Relationships: 
Initial Effects, Long-Term Patterns, and Underlying Mechanisms.” Proceedings of the 
National Academy of Sciences of the United States of America 102 (3): 695. https://doi.
org/10.1073/pnas.0407524102.

Rutgers, Michiel, Marja Wouterse, Sytske M. Drost, Anton M. Breure, Christian Mulder, 
Dorothy Stone, Rachel E. Creamer, Anne Winding, and Jaap Bloem. 2016. “Monitoring 
Soil Bacteria with Community-Level Physiological Profiles Using BiologTM ECO-
Plates in the Netherlands and Europe.” Applied Soil Ecology 97: 23–35. http://dx.doi.
org/10.1016/j.apsoil.2015.06.007.

Ryals, Rebecca, Melannie D. Hartman, William J. Parton, Marcia S. DeLonge, and Whendee 
L. Silver. 2015. “Long-Term Climate Change Mitigation Potential with Organic Matter 
Management on Grasslands.” Ecological Applications 25 (2): 531–45. https://doi.
org/10.1890/13-2126.1.

Sadet-Bourgeteau, Sophie, Sabine Houot, Battle Karimi, Olivier Mathieu, Vincent Mercier, 
Denis Montenach, Thierry Morvan, et al. 2019. “Microbial Communities from 
Different Soil Types Respond Differently to Organic Waste Input.” Applied Soil Ecology 
143 (November): 70–79. https://doi.org/10.1016/j.apsoil.2019.05.026.

Sainte-Marie, Julien, Matthieu Barrandon, Laurent Saint-Andre, Eric Gelhaye, Francis 
Martin, and Delphine Derrien. 2021. “C-STABILITY an Innovative Modeling 
Framework to Leverage the Continuous Representation of Organic Matter.” NATURE 
COMMUNICATIONS. HEIDELBERGER PLATZ 3, BERLIN, 14197, GERMANY: NATURE 
RESEARCH. https://doi.org/10.1038/s41467-021-21079-6.

Sakala, Webster D., George Cadisch, and Ken E. Giller. 2000. “Interactions between Residues 
of Maize and Pigeonpea and Mineral N Fertilizers during Decomposition and N 
Mineralization.” Soil Biology and Biochemistry 32 (5): 679–88. https://doi.org/10.1016/
S0038-0717(99)00204-7.

Santelli, Cara M., Beth N. Orcutt, Erin Banning, Wolfgang Bach, Craig L. Moyer, Mitchell L. 
Sogin, Hubert Staudigel, and Katrina J. Edwards. 2008. “Abundance and Diversity of 
Microbial Life in Ocean Crust.” Nature 453: 653. https://doi.org/10.1038/nature06899 
https://www.nature.com/articles/nature06899#supplementary-information.

Sanz-Cobena, A., S. Garcia-Marco, M. Quemada, J. L. Gabriel, P. Almendros, and A. Vallejo. 
2014. “Do Cover Crops Enhance N2O, CO2 or CH4 Emissions from Soil in Mediterranean 
Arable Systems?” Science of The Total Environment 466 (January): 164–74. https://doi.
org/10.1016/j.scitotenv.2013.07.023.

Sanz-Cobena, Alberto, Diego Abalos, Ana Meijide, Laura Sanchez-Martin, and Antonio 
Vallejo. 2016. “Soil Moisture Determines the Effectiveness of Two Urease Inhibitors to 



References

178

Decrease N2O Emission.” Mitigation and Adaptation Strategies for Global Change 21 
(7): 1131–44. https://doi.org/10.1007/s11027-014-9548-5.

Saunois, M., P. Bousquet, B. Poulter, A. Peregon, P. Ciais, J. G. Canadell, E. J. Dlugokencky, et 
al. 2016. “The Global Methane Budget 2000–2012.” Earth System Science Data 8 (2): 
697–751. https://doi.org/10.5194/essd-8-697-2016.

Scherber, Christoph, Nico Eisenhauer, Wolfgang W. Weisser, Bernhard Schmid, Winfried 
Voigt, Markus Fischer, Ernst-Detlef Schulze, et al. 2010. “Bottom-up Effects of Plant 
Diversity on Multitrophic Interactions in a Biodiversity Experiment.” Nature 468 
(7323): 553–56. https://doi.org/10.1038/nature09492.

Schnyder, E, PLE Bodelier, M Hartmann, R Henneberger, and PA Niklaus. 2018. “Positive 
Diversity-Functioning Relationships in Model Communities of Methanotrophic 
Bacteria.” ECOLOGY 99 (3): 714–23. https://doi.org/10.1002/ecy.2138.

Shaaban, Muhammad, Qi-an Peng, Shan Lin, Yupeng Wu, Muhammad Salman, Lei Wu, 
Yongliang Mo, and Hu Ronggui. 2016. “Dolomite Application Enhances CH4 Uptake 
in an Acidic Soil.” Catena 140 (May). https://doi.org/10.1016/j.catena.2016.01.014.

Shackley, S., G. Ruysschaert, K. Zwart, and B. (Eds.) Glaser. 2016. Biochar in European Soils 
and Agriculture: Science and Practice. Routledge.

Sharma, IP, and AK Sharma. 2021. “Above and Below-Ground Involvement in Cyclic 
Energy Transformation That Helps in the Establishment of Rhizosphere Microbial 
Communities.” SYMBIOSIS 85 (1): 21–30. https://doi.org/10.1007/s13199-021-00791-3.

Shcherbak, Iurii, Neville Millar, and G. Philip Robertson. 2014. “Global Metaanalysis of the 
Nonlinear Response of Soil Nitrous Oxide (N2O) Emissions to Fertilizer Nitrogen.” 
Proceedings of the National Academy of Sciences 111 (25): 9199–9204. https://doi.
org/10.1073/pnas.1322434111.

Shi, Andong, and Petra Marschner. 2014. “Changes in Microbial Biomass C, Extractable C 
and Available N during the Early Stages of Decomposition of Residue Mixtures.” Soil 
Research 52 (4): 366. https://doi.org/10.1071/sr13128.

Shiller, A. M., E. W. Chan, D. J. Joung, M. C. Redmond, and J. D. Kessler. 2017. “Light Rare 
Earth Element Depletion during Deepwater Horizon Blowout Methanotrophy.” 
Scientific Reports 7 (1): 10389. https://doi.org/10.1038/s41598-017-11060-z.

Shoun, Hirofumi, Shinya Fushinobu, Li Jiang, Sang-Wan Kim, and Takayoshi Wakagi. 
2012. “Fungal Denitrification and Nitric Oxide Reductase Cytochrome P450nor.” 
Philosophical Transactions of the Royal Society B: Biological Sciences 367 (1593): 1186–
94. https://doi.org/10.1098/rstb.2011.0335.

Simon, K. S., M. A. Simon, and E. F. Benfield. 2009. “Variation in Ecosystem Function in 
Appalachian Streams along an Acidity Gradient.” Ecological Applications 19 (5): 1147–
60. https://doi.org/10.1890/08-0571.1.

Singh, Jay, and Gamini Seneviratne. 2017. Agro-Environmental Sustainability: Volume-2: 
Managing Environmental Pollution.



References

179

Smith, R. G., L. W. Atwood, and N. D. Warren. 2014. “Increased Productivity of a Cover Crop 
Mixture Is Not Associated with Enhanced Agroecosystem Services.” Plos One 9 (5): 8. 
https://doi.org/10.1371/journal.pone.0097351.

Sprent, Janet I., Julie Ardley, and Euan K. James. 2017. “Biogeography of Nodulated 
Legumes and Their Nitrogen-Fixing Symbionts.” New Phytologist 215 (1): 40–56. 
https://doi.org/10.1111/nph.14474.

Steffen, Will, Richardson, Katherine, Rockström, Johan, Cornell, Sarah E., Fetzer, Ingo, 
Bennett, Elena M., Biggs, Reinette, et al. 2015. “Planetary Boundaries: Guiding 
Human Development on a Changing Planet.” Science 347 (6223): 1259855. https://
doi.org/10.1126/science.1259855.

Steffen, Will, Johan Rockström, Katherine Richardson, Timothy M. Lenton, Carl Folke, Diana 
Liverman, Colin P. Summerhayes, et al. 2018. “Trajectories of the Earth System in 
the Anthropocene.” Proceedings of the National Academy of Sciences 115 (33): 8252. 
https://doi.org/10.1073/pnas.1810141115.

Steinauer, Katja, Antonis Chatzinotas, and Nico Eisenhauer. 2016b. “Root Exudate Cocktails: 
The Link between Plant Diversity and Soil Microorganisms?” Ecology and Evolution 6 
(20): 7387–96. https://doi.org/10.1002/ece3.2454.

Steinbeiss, S., H. Bessler, C. Engels, V. M. Temperton, N. Buchmann, C. Roscher, Y. Kreutziger, 
J. Baade, M. Habekost, and G. Gleixner. 2008. “Plant Diversity Positively Affects Short-
Term Soil Carbon Storage in Experimental Grasslands.” Global Change Biology 14 (12): 
2937–49. https://doi.org/10.1111/j.1365-2486.2008.01697.x.

Steinberg, Lisa M., and John M. Regan. 2008. “Phylogenetic Comparison of the 
Methanogenic Communities from an Acidic, Oligotrophic Fen and an Anaerobic 
Digester Treating Municipal Wastewater Sludge.” Applied and Environmental 
Microbiology 74 (21): 6663–71. https://doi.org/10.1128/AEM.00553-08.

Sterne, Jonathan A.C, and Matthias Egger. 2001. “Funnel Plots for Detecting Bias in Meta-
Analysis: Guidelines on Choice of Axis.” Journal of Clinical Epidemiology 54 (10): 1046–
55. https://doi.org/10.1016/S0895-4356(01)00377-8.

Stocker, T.F, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, 
and P.M. Midgley. 2013. “IPCC, 2013: Climate Change 2013: The Physical Science 
Basis. Contribution of Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change.”

Stone, D., P. Blomkvist, N.Bohse Hendriksen, M. Bonkowski, H.Bracht Jørgensen, F. 
Carvalho, M.B. Dunbar, et al. 2016. “A Method of Establishing a Transect for 
Biodiversity and Ecosystem Function Monitoring across Europe.” Soil Biodiversity and 
Ecosystem Functions across Europe: A Transect Covering Variations in Bio-Geographical 
Zones, Land Use and Soil Properties 97 (January): 3–11. https://doi.org/10.1016/j.
apsoil.2015.06.017.

Strickland, Michael S., Wade E. Thomason, Bethany Avera, Josh Franklin, Kevan Minick, 
Steffany Yamada, and Brian D. Badgley. 2019. “Short-Term Effects of Cover Crops 



References

180

on Soil Microbial Characteristics and Biogeochemical Processes across Actively 
Managed Farms.” Agrosystems, Geosciences & Environment 2 (1): 180064. https://doi.
org/10.2134/age2018.12.0064.

Sudheep, N. M., and K. R. Sridhar. 2013. “Colonization and Diversity of Aquatic Hyphomycetes 
in Relation to Decomposition of Submerged Leaf Litter in River Kali (Western Ghats, 
India).” Mycosphere 4 (3): 456–76. https://doi.org/10.5943/mycosphere/4/3/3.

Syakila, Alfi, and C. Kroeze. 2011. “The Global Nitrous Oxide Budget Revisited.” Greenhouse 
Gas Measurement and Management 1 (February): 17–26. https://doi.org/10.3763/
ghgmm.2010.0007.

Takaya, Naoki. 2002. “Dissimilatory Nitrate Reduction Metabolisms and Their Control 
in Fungi.” Journal of Bioscience and Bioengineering 94 (6): 506–10. https://doi.
org/10.1016/S1389-1723(02)80187-6.

Tao, Jiemeng, Xueduan Liu, Yili Liang, Jiaojiao Niu, Yunhua Xiao, Yabing Gu, Liyuan Ma, 
et al. 2017. “Maize Growth Responses to Soil Microbes and Soil Properties after 
Fertilization with Different Green Manures.” Applied Microbiology and Biotechnology 
101 (3): 1289–99. https://doi.org/10.1007/s00253-016-7938-1.

Tate, Kevin R. 2015. “Soil Methane Oxidation and Land-Use Change – from Process 
to Mitigation.” Soil Biology and Biochemistry 80 (January): 260–72. https://doi.
org/10.1016/j.soilbio.2014.10.010.

Thakur, Madhav P., Wim H. van der Putten, Rutger A. Wilschut, G.F. (Ciska) Veen, Paul Kardol, 
Jasper van Ruijven, Eric Allan, Christiane Roscher, Mark van Kleunen, and T. Martijn 
Bezemer. 2021. “Plant–Soil Feedbacks and Temporal Dynamics of Plant Diversity–
Productivity Relationships.” Trends in Ecology & Evolution 36 (7): 651–61. https://doi.
org/10.1016/j.tree.2021.03.011.

Thangarajan, Ramya, Nanthi S. Bolan, Guanglong Tian, Ravi Naidu, and Anitha 
Kunhikrishnan. 2013. “Role of Organic Amendment Application on Greenhouse Gas 
Emission from Soil.” Soil as a Source & Sink for Greenhouse Gases 465 (November): 72–
96. https://doi.org/10.1016/j.scitotenv.2013.01.031.

Thevenot, Mathieu, Marie-France Dignac, and Cornelia Rumpel. 2010. “Fate of Lignins 
in Soils: A Review.” Soil Biology and Biochemistry 42 (8): 1200–1211. https://doi.
org/10.1016/j.soilbio.2010.03.017.

Thiele-Bruhn, S., J. Bloem, F. T. de Vries, K. Kalbitz, and C. Wagg. 2012. “Linking Soil 
Biodiversity and Agricultural Soil Management.” Current Opinion in Environmental 
Sustainability 4 (5): 523–28. https://doi.org/10.1016/j.cosust.2012.06.004.

Thion, Cécile, and James I. Prosser. 2014. “Differential Response of Nonadapted Ammonia-
Oxidising Archaea and Bacteria to Drying-Rewetting Stress.” FEMS Microbiology 
Ecology 90 (2): 380–89. https://doi.org/10.1111/1574-6941.12395.

Thomson, Andrew J., Georgios Giannopoulos, Jules Pretty, Elizabeth M. Baggs, and David 
J. Richardson. 2012. “Biological Sources and Sinks of Nitrous Oxide and Strategies 



References

181

to Mitigate Emissions.” Philosophical Transactions of the Royal Society B: Biological 
Sciences 367 (1593): 1157–68. https://doi.org/10.1098/rstb.2011.0415.

Tian, Hanqin, Chaoqun Lu, Philippe Ciais, Anna M. Michalak, Josep G. Canadell, Eri Saikawa, 
Deborah N. Huntzinger, et al. 2016. “The Terrestrial Biosphere as a Net Source of 
Greenhouse Gases to the Atmosphere.” Nature 531 (7593): 225–28. https://doi.
org/10.1038/nature16946.

Tilman David, Reich Peter B., Knops Johannes, Wedin David, Mielke Troy, and Lehman 
Clarence. 2001. “Diversity and Productivity in a Long-Term Grassland Experiment.” 
Science 294 (5543): 843–45. https://doi.org/10.1126/science.1060391.

Tiunov, Alexei V., and Stefan Scheu. 2005. “Facilitative Interactions Rather than Resource 
Partitioning Drive Diversity-Functioning Relationships in Laboratory Fungal 
Communities.” Ecology Letters 8 (6): 618–25. https://doi.org/10.1111/j.1461-
0248.2005.00757.x.

Toljander, Ylva K., Björn D. Lindahl, Lillian Holmer, and Nils O. S. Högberg. 2006. 
“Environmental Fluctuations Facilitate Species Co-Existence and Increase 
Decomposition in Communities of Wood Decay Fungi.” Oecologia 148 (4): 625–31. 
https://doi.org/10.1007/s00442-006-0406-3.

Tolkkinen, M., H. Mykrä, M. Annala, A. M. Markkola, K. M. Vuori, and T. Muotka. 2015a. “Multi-
Stressor Impacts on Fungal Diversity and Ecosystem Functions in Streams: Natural 
vs. Anthropogenic Stress.” Ecology 96 (3): 672–83. https://doi.org/10.1890/14-0743.1.

Tolkkinen, Mikko, Heikki Mykrä, Anna-Mari Markkola, Heidi Aisala, Kari-Matti Vuori, Jaakko 
Lumme, Anna Maria Pirttilä, and Timo Muotka. 2013. “Decomposer Communities 
in Human-Impacted Streams: Species Dominance Rather than Richness Affects 
Leaf Decomposition.” Journal of Applied Ecology 50 (5): 1142–51. https://doi.
org/10.1111/1365-2664.12138.

Tolkkinen, Mikko, Heikki Mykrä, Annamari M. Markkola, and Timo Muotka. 2015b. “Human 
Disturbance Increases Functional but Not Structural Variability of Stream Fungal 
Communities.” Functional Ecology 29 (12): 1569–77. https://doi.org/10.1111/1365-
2435.12469.

Tosti, G., P. Benincasa, M. Farneselli, F. Tei, and M. Guiducci. 2014. “Barley-Hairy Vetch Mixture 
as Cover Crop for Green Manuring and the Mitigation of N Leaching Risk.” European 
Journal of Agronomy 54 (March): 34–39. https://doi.org/10.1016/j.eja.2013.11.012.

Treseder, Kathleen K., Teri C. Balser, Mark A. Bradford, Eoin L. Brodie, Eric A. Dubinsky, 
Valerie T. Eviner, Kirsten S. Hofmockel, et al. 2011. “Integrating Microbial Ecology 
into Ecosystem Models: Challenges and Priorities.” Biogeochemistry 109 (1–3): 7–18. 
https://doi.org/10.1007/s10533-011-9636-5.

Tribouillois, H., F. Fort, P. Cruz, R. Charles, O. Flores, E. Garnier, and E. Justes. 2015. “A 
Functional Characterisation of a Wide Range of Cover Crop Species: Growth and 
Nitrogen Acquisition Rates, Leaf Traits and Ecological Strategies.” Plos One 10 (3). 
https://doi.org/10.1371/journal.pone.0122156.



References

182

Tribouillois, Hélène, Julie Constantin, and Eric Justes. 2018. “Cover Crops Mitigate Direct 
Greenhouse Gases Balance but Reduce Drainage under Climate Change Scenarios 
in Temperate Climate with Dry Summers.” Global Change Biology 24 (6): 2513–29. 
https://doi.org/10.1111/gcb.14091.

Trivedi, Chanda, Manuel Delgado-Baquerizo, Kelly Hamonts, Kaitao Lai, Peter B. Reich, and 
Brajesh K. Singh. 2019. “Losses in Microbial Functional Diversity Reduce the Rate of 
Key Soil Processes.” Soil Biology and Biochemistry 135 (August): 267–74. https://doi.
org/10.1016/j.soilbio.2019.05.008.

Tsiafouli, M. A., E. Thebault, S. P. Sgardelis, P. C. de Ruiter, W. H. van der Putten, K. Birkhofer, L. 
Hemerik, et al. 2015. “Intensive Agriculture Reduces Soil Biodiversity across Europe.” 
Global Change Biology 21 (2): 973–85. https://doi.org/10.1111/gcb.12752.

Vainio, Eeva J., and Jarkko Hantula. 2000. “Direct Analysis of Wood-Inhabiting Fungi Using 
Denaturing Gradient Gel Electrophoresis of Amplified Ribosomal DNA.” Mycological 
Research 104 (8): 927–36. https://doi.org/10.1017/S0953756200002471.

Valentín, Lara, Tiina Rajala, Mikko Peltoniemi, Jussi Heinonsalo, Taina Pennanen, and Raisa 
Mäkipää. 2014. “Loss of Diversity in Wood-Inhabiting Fungal Communities Affects 
Decomposition Activity in Norway Spruce Wood.” Frontiers in Microbiology 5 (May). 
https://doi.org/10.3389/fmicb.2014.00230.

Van Elsas, J. D., M. Chiurazzi, C. A. Mallon, D. Elhottova, V. Kristufek, and J. F. Salles. 2012. 
“Microbial Diversity Determines the Invasion of Soil by a Bacterial Pathogen.” 
Proceedings of the National Academy of Sciences of the United States of America 109 
(4): 1159–64. https://doi.org/10.1073/pnas.1109326109.

Van Elsas, J. D., P. Garbeva, and J. Salles. 2002. “Effects of Agronomical Measures on 
the Microbial Diversity of Soils as Related to the Suppression of Soil-Borne Plant 
Pathogens.” Biodegradation 13 (1): 29–40. https://doi.org/10.1023/a:1016393915414.

Vargas, Vitor Paulo, Heitor Cantarella, Acácio Agostinho Martins, Johnny Rodrigues Soares, 
Janaína Braga do Carmo, and Cristiano Alberto de Andrade. 2014. “Sugarcane Crop 
Residue Increases N2O and CO2 Emissions Under High Soil Moisture Conditions.” 
Sugar Tech 16 (2): 174–79. https://doi.org/10.1007/s12355-013-0271-4.

Veldkamp, E., B. Koehler, and M. D. Corre. 2013. “Indications of Nitrogen-Limited 
Methane Uptake in Tropical Forest Soils.” Biogeosciences 10 (8): 5367–79. https://doi.
org/10.5194/bg-10-5367-2013.

Venugopal, Parvathy, Kaisa Junninen, Mattias Edman, and Jari Kouki. 2017. “Assemblage 
Composition of Fungal Wood-Decay Species Has a Major Influence on How Climate 
and Wood Quality Modify Decomposition.” FEMS MICROBIOLOGY ECOLOGY. GREAT 
CLARENDON ST, OXFORD OX2 6DP, ENGLAND: OXFORD UNIV PRESS. https://doi.
org/10.1093/femsec/fix002.

Viechtbauer, Wolfgang. 2010. “Conducting Meta-Analyses in R with the Metafor Package.” 
Journal of Statistical Software, Articles 36 (3): 1–48. https://doi.org/10.18637/jss.v036.
i03.



References

183

Wagg, C., S. F. Bender, F. Widmer, and M. G. A. van der Heijden. 2014. “Soil Biodiversity and 
Soil Community Composition Determine Ecosystem Multifunctionality.” Proceedings 
of the National Academy of Sciences of the United States of America 111 (14): 5266–70. 
https://doi.org/10.1073/pnas.1320054111.

Wagg, Cameron, Klaus Schlaeppi, Samiran Banerjee, Eiko E. Kuramae, and Marcel G. A. 
van der Heijden. 2019. “Fungal-Bacterial Diversity and Microbiome Complexity 
Predict Ecosystem Functioning.” Nature Communications 10 (1): 4841. https://doi.
org/10.1038/s41467-019-12798-y.

Wal, A. van der, E. Ottoson, and W. De Boer. 2015. “Neglected Role of Fungal Community 
Composition in Explaining Variation in Wood Decay Rates.” Ecology 96.

Wal, Annemieke van der, Thomas D. Geydan, Thomas W. Kuyper, and Wietse de Boer. 2013. 
“A Thready Affair: Linking Fungal Diversity and Community Dynamics to Terrestrial 
Decomposition Processes.” FEMS Microbiology Reviews 37 (4): 477–94. https://doi.
org/10.1111/1574-6976.12001.

Wal, Annemieke van der, Paulien Gunnewiek, Johannes Cornelissen, Thomas Crowther, 
and Wietse de Boer. 2016. “Patterns of Natural Fungal Community Assembly during 
Initial Decay of Coniferous and Broadleaf Tree Logs.” Ecosphere 7 (July). https://doi.
org/10.1002/ecs2.1393.

Wang, C, B Amon, K Schulz, and B Mehdi. 2021. “Factors That Influence Nitrous Oxide 
Emissions from Agricultural Soils as Well as Their Representation in Simulation Models: 
A Review.” AGRONOMY-BASEL 11 (4). https://doi.org/10.3390/agronomy11040770.

Wang, K. H., R. McSorley, and N. Kokalis-Burelle. 2006. “Effects of Cover Cropping, 
Solarization, and Soil Fumigation on Nematode Communities.” Plant and Soil 286 
(1–2): 229–43. https://doi.org/10.1007/s11104-006-9040-4.

Wang, Zhi-gang, Xing-guo Bao, Xiao-fei Li, Xin Jin, Jian-hua Zhao, Jian-hao Sun, Peter 
Christie, and Long Li. 2015. “Intercropping Maintains Soil Fertility in Terms of 
Chemical Properties and Enzyme Activities on a Timescale of One Decade.” Plant and 
Soil 391 (1–2): 265–82. https://doi.org/10.1007/s11104-015-2428-2.

Wardle, D. A., R. D. Bardgett, J. N. Klironomos, H. Setala, W. H. van der Putten, and D. H. Wall. 
2004. “Ecological Linkages between Aboveground and Belowground Biota.” Science 
304 (5677): 1629–33. https://doi.org/10.1126/science.1094875.

Wardle, David A., Gregor W. Yeates, Gary M. Barker, and Karen I. Bonner. 2006. “The Influence 
of Plant Litter Diversity on Decomposer Abundance and Diversity.” Soil Biology and 
Biochemistry 38 (5): 1052–62. https://doi.org/10.1016/j.soilbio.2005.09.003.

Wendling, Marina, Lucie Büchi, Camille Amossé, Bernard Jeangros, Achim Walter, and 
Raphaël Charles. 2017. “Specific Interactions Leading to Transgressive Overyielding 
in Cover Crop Mixtures.” Agriculture, Ecosystems & Environment 241 (April): 88–99. 
https://doi.org/10.1016/j.agee.2017.03.003.

Wertz, S., V. Degrange, J. I. Prosser, F. Poly, C. Commeaux, T. Freitag, N. Guillaumaud, and 
X. Le Roux. 2006. “Maintenance of Soil Functioning Following Erosion of Microbial 



References

184

Diversity.” Environmental Microbiology 8 (12): 2162–69. https://doi.org/10.1111/
j.1462-2920.2006.01098.x.

Wertz, Sophie, Adam K.K. Leigh, and Sue J. Grayston. 2012. “Effects of Long-Term Fertilization 
of Forest Soils on Potential Nitrification and on the Abundance and Community 
Structure of Ammonia Oxidizers and Nitrite Oxidizers.” FEMS Microbiology Ecology 79 
(1): 142–54. https://doi.org/10.1111/j.1574-6941.2011.01204.x.

White, Kathryn E., Eric B. Brennan, Michel A. Cavigelli, and Richard F. Smith. 2020. “Winter 
Cover Crops Increase Readily Decomposable Soil Carbon, but Compost Drives 
Total Soil Carbon during Eight Years of Intensive, Organic Vegetable Production 
in California.” PLOS ONE 15 (2): e0228677. https://doi.org/10.1371/journal.
pone.0228677.

Wilkinson, Grace M., Michael L. Pace, and Jonathan J. Cole. 2013. “Terrestrial Dominance 
of Organic Matter in North Temperate Lakes.” Global Biogeochemical Cycles 27 (1): 
43–51. https://doi.org/10.1029/2012GB004453.

Wood, Stephen A., and Maria Bowman. 2021. “Large-Scale Farmer-Led Experiment 
Demonstrates Positive Impact of Cover Crops on Multiple Soil Health Indicators.” 
Nature Food 2 (2): 97–103. https://doi.org/10.1038/s43016-021-00222-y.

Wortmann, Charles, and Charles Shapiro. 2008. “The Effects of Manure Application on Soil 
Aggregation.” Nutrient Cycling in Agroecosystems 80 (February): 173–80. https://doi.
org/10.1007/s10705-007-9130-6.

Wu, Yuk-Faat, Jeanette Whitaker, Sylvia Toet, Amy Bradley, Christian A. Davies, and Niall P. 
McNamara. 2021. “Diurnal Variability in Soil Nitrous Oxide Emissions Is a Widespread 
Phenomenon.” Global Change Biology 27 (20): 4950–66. https://doi.org/10.1111/
gcb.15791.

Xiao, C. W., B. Guenet, Y. Zhou, J. Q. Su, and I. A. Janssens. 2015. “Priming of Soil Organic 
Matter Decomposition Scales Linearly with Microbial Biomass Response to Litter 
Input in Steppe Vegetation.” Oikos 124 (5): 649–57. https://doi.org/10.1111/oik.01728.

Xiao, W. Y., H. Y. H. Chen, P. Kumar, C. Chen, and Q. W. Guan. 2019. “Multiple Interactions 
between Tree Composition and Diversity and Microbial Diversity Underly 
Litter Decomposition.” Geoderma 341 (May): 161–71. https://doi.org/10.1016/j.
geoderma.2019.01.045.

Xu, Xiaofeng, Peter E. Thornton, and Wilfred M. Post. 2013. “A Global Analysis of Soil 
Microbial Biomass Carbon, Nitrogen and Phosphorus in Terrestrial Ecosystems.” 
Global Ecology and Biogeography 22 (6): 737–49. https://doi.org/10.1111/geb.12029.

Ye, Jun, Rui Zhang, Shaun Nielsen, Stephen D. Joseph, Danfeng Huang, and Torsten Thomas. 
2016. “A Combination of Biochar–Mineral Complexes and Compost Improves Soil 
Bacterial Processes, Soil Quality, and Plant Properties.” Frontiers in Microbiology 7: 
372. https://doi.org/10.3389/fmicb.2016.00372.



References

185

Zechmeister-Boltenstern, S., K. M. Keiblinger, M. Mooshammer, J. Penuelas, A. Richter, J. 
Sardans, and W. Wanek. 2015. “The Application of Ecological Stoichiometry to Plant-
Microbial-Soil Organic Matter Transformations.” Ecological Monographs 85.

Zhang, W., K. M. Parker, Y. Luo, S. Wan, L. L. Wallace, and S. Hu. 2005. “Soil Microbial Responses 
to Experimental Warming and Clipping in a Tallgrass Prairie.” Global Change Biology 
11 (2): 266–77. https://doi.org/10.1111/j.1365-2486.2005.00902.x.

Zhong, Yangquanwei, Weiming Yan, Ruiwu Wang, and Zhouping Shangguan. 2017. 
“Differential Responses of Litter Decomposition to Nutrient Addition and Soil Water 
Availability with Long-Term Vegetation Recovery.” Biology and Fertility of Soils 53 (8): 
939–49. https://doi.org/10.1007/s00374-017-1242-9.

Zhou, X. Q., H. W. Wu, E. Koetz, Z. H. Xu, and C. R. Chen. 2012. “Soil Labile Carbon and 
Nitrogen Pools and Microbial Metabolic Diversity under Winter Crops in an Arid 
Environment.” Applied Soil Ecology 53 (February): 49–55. https://doi.org/10.1016/j.
apsoil.2011.11.002.



CHAPTER



Summary
Samenvatting



188

Summary

Sustainable agricultural management is needed to reduce negative effects of current 
intensive agricultural practices. Intensification of agricultural land use management can 
lead to reduced soil organic matter (SOM) and microbial functional diversity in the soil. One 
of the options to increase sustainability in agricultural practices is the diversification of the 
cropping system via the use of wider crop rotations, intercropping and growing of cover 
crops. A major reason to grow cover crops is to reduce nutrient losses during the fallow 
period of the soil. Furthermore, cover crops are used to suppress weeds, plant pathogens, 
as well as to protect against erosion and stimulate nutrient cycling in the soil. There are 
indications that cover crops are beneficial by enhancing SOM content, aggregate stability 
and microbial functioning. Reducing the fallow period of the soil can be beneficial to 
enhance microbial diversity and main crop yields. It is hypothesized that using cover crop 
mixtures instead of cover crop monocultures will have an extra positive effect as mixtures 
will increase complementarity, possibly leading to increased biomass production and 
chemically more diverse root exudates and plant residues. In this PhD project, I studied 
if cover crop mixtures are beneficial compared to cover crop monocultures both during 
cover crop growth and after cover crop incorporation in the soil. Field and pot experiments 
were executed to determine if cover crop mixtures enhance nutrient cycling in the soil, 
reduce GHG emissions, stimulate a diverse microbial community and enhance yield of the 
main crop. To determine long term effects, the field experiment was conducted for four 
years.

First, we studied in a pot experiment if diversity of cover crop residues will increase 
microbial functional diversity during decomposition (Chapter 2). Cover crop residues 
of single species and diverse mixtures of 3 or 15 species were mixed with arable soil. 
Addition of cover crop residues rapidly increased microbial biomass in the soil during 
the first two weeks of the experiment. However, microbial biomass increase did not differ 
between monocultures and mixtures. With the use of Biolog ECO plates, we tested if 
residue diversity increased microbial metabolic potential as a proxy of functional diversity. 
Microbial communities extracted from pots amended with residue mixtures were able 
to use significantly more substrates than the ones extracted from pots amended with 
residues derived from a single cover crop species. Microbial communities from pots with 
residues of Vicia sativa showed high functional diversity as well. However, metabolic 
activity of the microbes from the V. sativa amended pots was mainly associated with 
easily degradable substrates while microbial communities from mixed residue amended 
pots were able to consume a wider set of substrates. This indicates that residues from 
cover crop mixtures increase the substrate utilization range and therefore the number 
of niches for microbes compared to residues derived from a single species. Furthermore, 
we found that the C:N ratio of cover crop residues rather than residue diversity influences 
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greenhouse gas (CO2 and N2O) fluxes. This indicates that composition of the residues is 
important for nutrient cycling while diversity of cover crop residues influences the soil 
microbial functional diversity. 

To be able to evaluate the potential of organic residues, including cover crops, to mitigate 
greenhouse gasses (GHGs), pot experiments in controlled climate chambers were set 
up to determine if residues can minimize emissions. The aim of Chapter 3 was to test 
differences between organic amendments (compost, sewage sludge, digestate and cover 
crop mixture) and understand how (combinations of ) organic amendments influence the 
global warming potential (GWP) of an agricultural soil. Organic residues were added to the 
soil in two different amounts (5 and 20 ton*ha-1) at different soil moisture levels (40% and 
65% of soil water holding capacity). GHG fluxes (CO2, CH4 and N2O) were measured over 
time while abundance of microbial groups involved in nutrient cycling (nosZ, bacterial 
and archaeal amoA, nifH, mcrA and pmoA) was measured at the beginning and at the 
end of the incubation. Compost resulted in the lowest GHG balance while the mixture 
of cover crop residues showed the highest GHG emissions. However, the used compost 
is poor in mineral nutrients and can reduce yield of the main crop. To overcome this 
problem, combining compost with nutrient rich organic amendment (e.g. sewage sludge 
or digestate) can minimize the trade-off between obtaining high yields and minimizing 
GHG emissions. Additionally, all amendments increased microbial communities involved 
in nutrient cycling and GHG consumption. Mixed cover crop residues led to the highest 
increase. However, this is dependent on the amount of the added residues. Applying 20 
ton per hectare of residues strongly increased microbial groups, while 5 ton per hectare 
did not significantly increase these microbial groups compared to un-amended soil. 

Apart from studying the effect of plant diversity of cover crop residues, microbial diversity 
itself can influence processes like decomposition and nutrient cycling. As fungi play a 
major role in decomposition, the aim of Chapter 4 was to determine if fungal diversity 
enhance decomposition, which was assessed by executing a meta-analysis. An extensive 
literature search was performed to find papers that studied decomposition with a fungal 
diversity gradient both in manipulated and field experiments and in aquatic and terrestrial 
environments. Increased fungal diversity coincided with increased decomposition rate of 
plant residues (leaf litter and wood). However, in artificially manipulated experiments, 
fungal diversity rapidly reached a saturation level at two fungal species and further 
increase of diversity did not enhance decomposition. In field experiments, however, fungal 
diversity was positively correlated with decomposition regardless of the diversity level. 
This suggests that manipulated experiments are not representative for field situations and 
that it is necessary to study microbial diversity in the field. Furthermore, plant residue 
quality influences the fungal diversity – decomposition relationship. Increasing the C:N 
ratio of the residue reduced the positive effect of diversity on decomposition. These 
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results indicate that both microbial diversity and residue quality are important to estimate 
decomposition rates of plant residues.

In Chapter 5, results of cover crop diversity effects of a multiannual field experiment 
are described both during cover crop growth and after cover crop incorporation in the 
soil. We hypothesized that cover crop mixtures reduce greenhouse gas (GHG) fluxes and 
increase soil microbial diversity compared to cover crop monocultures. Three cover crop 
species (Avena strigosa, Vicia sativa and Raphanus sativus) were grown in randomized 
block design with all possible combinations of the three species. GHG fluxes were 
measured regularly throughout the year. We found increased emissions in the plots with 
cover crops compared to fallow plots, both during cover crop growth and after cover crop 
incorporation. Cover crop mixtures did not reduce GHG fluxes compared to cover crop 
monocultures. N2O emission peaked after cover crop incorporation and was correlated 
with increased denitrification and nitrification rates. Furthermore, contrasting to our 
hypothesis, we did not find effects of cover crops on microbial biomass or - diversity in the 
field. This indicates that, in this field experiment, cultivating mixtures of cover crops for 
four years did not develop benefits compared to monocultures with respect to GHG fluxes 
and microbial biomass, - diversity and - activity. 

Overall, my thesis research compared performance of mixtures and monocultures of cover 
crops both in pot experiments during decomposition and in a four-year field experiment. 
The results show that residues of cover crop mixtures have the potential to increase 
microbial functional diversity and stimulate microbial groups involved in nutrient cycling. 
This indicates a promising perspective to use cover crop mixtures in the field. However, 
in our field experiment, mixtures did not result in reduced GHG emissions or increased 
microbial biomass or diversity. Continuation of field experiments for a longer period is 
needed to determine if mixtures are advantageous compared to monocultures to increase 
sustainability in agricultural systems. 
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Samenvatting

Duurzaam landbouwbeheer is nodig om de negatieve effecten van de huidige 
intensieve landbouw te verminderen. Intensief landgebruik kan tot een vermindering 
van organisch materiaal en verlies van microbiële functionele diversiteit in de bodem 
leiden. Eén van de mogelijkheden om de landbouw te verduurzamen is het gebruik 
van een divers gewassysteem met gewasrotaties, mengteelt en wintergewassen. 
Wintergewassen kunnen nutriëntenverliezen verminderen tijdens de periode dat de 
bodem braak ligt. Daarnaast kunnen wintergewassen gebruikt worden om onkruiden en 
pathogenen te onderdrukken, maar ook om de bodem te beschermen tegen erosie en de 
nutriëntencyclus te stimuleren. Er zijn aanwijzingen dat wintergewassen gunstig zijn voor 
het laten toenemen van bodem organisch materiaal, aggregaat stabiliteit en microbieel 
functioneren. Het verkorten van de periode dat de bodem braak ligt kan de microbiële 
diversiteit en gewasopbrengsten verhogen. De hypothese is dat het gebruik van mengsels 
van wintergewassen ten opzichte van monoculturen een extra positief effect heeft, omdat 
in mengsels de functionele complementariteit van de gewassen groter is. Dit kan leiden 
tot verhoogde biomassaproductie, chemisch diverse wortel-exudaten en plantenresten. 
In dit PhD-project heb ik bestudeerd of mengsels van wintergewassen gunstiger zijn dan 
monoculturen tijdens de groei en na het inwerken van plantmateriaal in de bodem. Veld- 
en potexperimenten zijn uitgevoerd om te bepalen of mengsels van wintergewassen de 
nutriëntencyclus in de bodem stimuleren, broeikasgasemissies verminderen, een diverse 
microbiële gemeenschap stimuleren en leiden tot een verhoogde opbrengst van het 
hoofdgewas. Om langetermijneffecten te bepalen, is het veldexperiment gedurende vier 
jaar uitgevoerd. 

Ten eerste hebben we in een potexperiment bestudeerd of diversiteit van winter-
gewasresiduen de microbiële functionaliteit tijdens afbraak verhoogt (Hoofdstuk 2).  
Wintergewasresiduen van monoculturen en mengsels van 3 of 15 soorten werden met 
landbouwgrond gemengd. Het toevoegen van wintergewasresiduen leidde snel tot 
een verhoogde microbiële biomassa tijdens de eerste twee weken van het experiment. 
Deze verhoogde microbiële biomassa was niet verschillend tussen de mengsels en de 
monoculturen. Met Biolog ECO-platen hebben we bepaald of residu-diversiteit het 
metabool potentieel, als indicator voor de functionele diversiteit van de microbiële 
gemeenschap, kan verhogen. De geëxtraheerde microbiële gemeenschap uit potten met 
residu-mengsels kon significant meer soorten substraten afbreken dan de geëxtraheerde 
microbiële gemeenschap uit residu-monoculturen. De microbiële gemeenschap uit de 
potten met Vicia sativa had ook een hoge functionele diversiteit, maar de metabolische 
activiteit van deze micro-organismen was vooral geassocieerd met makkelijk afbreekbare 
substraten, terwijl micro-organismen uit de potten met de mengsels een grotere 
variatie aan substraten konden afbreken. Dit toont aan dat residuen van mengsels 
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van wintergewassen de reikwijdte van substraatgebruik verhogen, resulterend in 
een verhoging van het aantal niches voor micro-organismen ten opzichte van residu-
monoculturen. Daarnaast vonden we dat de C:N ratio van wintergewassen, en niet de 
diversiteit van het plantmateriaal, invloed heeft op broeikasgasemissies (CO2 en N2O). 
Dit toont aan dat de samenstelling van het residu belangrijk is voor de nutriëntencyclus 
terwijl diversiteit van de wintergewasresiduen invloed heeft op de microbiële functionele 
diversiteit. 

Om te onderzoeken of organische residuen, inclusief wintergewassen, het potentieel 
hebben om broeikasgasemissies te verminderen, is een potexperiment opgezet in 
gecontroleerde klimaatkamers. Het doel van Hoofdstuk 3 was om verschillende 
organische materialen (compost, rioolslib, digestaat en een mengsel van wintergewassen) 
te onderzoeken en te begrijpen hoe (combinaties van) deze residuen invloed hebben op 
de emissies en het opwarmingsvermogen in een landbouwbodem kunnen verminderen. 
De residuen zijn aan de bodem toegevoegd in twee verschillende hoeveelheden (5 en 20 
ton*ha-1) en met verschillende vochtgehaltes van de bodem (40% en 65% waterhoudend 
vermogen). Broeikasgasfluxen (CO2, CH4 en N2O) werden gedurende het experiment 
regelmatig gemeten, terwijl de biomassa van microbiële groepen die de nutriëntencyclus 
beïnvloeden (nosZ, bacterieel en archaea amoA, nifH, mcrA en pmoA) alleen aan het 
begin en eind van het experiment gemeten werden. Compost resulteerde in de laagste 
broeikasgasbalans terwijl een mengsel van wintergewassen de hoogste emissies liet 
zien. Compost bevat echter weinig nutriënten en kan de opbrengst van een hoofdgewas 
verlagen. Om dit probleem op te lossen, kan compost worden gecombineerd met een 
residu rijk aan nutriënten, bijvoorbeeld rioolslib en digestaat. Dit kan voor een compromis 
tussen gewasopbrengst en broeikasgasemissies zorgen. Daarnaast verhoogden alle 
residuen de microbiële biomassa van micro-organismen die betrokken zijn bij de 
nutriëntencyclus en broeikasgasopname. Residuen van mengsels van wintergewassen 
zorgden voor de hoogste toename, maar dit is afhankelijk van de hoeveelheid toegevoegd 
residu. Het toevoegen van 20 ton per hectare verhoogde sterk de biomassa van deze 
microbiële groepen, terwijl 5 ton per hectare geen significant effect had ten opzichte van 
een bodem zonder organische residuen. 

Naast het bestuderen van de effecten van de diversiteit van residuen van wintergewassen 
kan de microbiële diversiteit op zichzelf ook invloed op processen zoals afbraak en 
nutriëntencyclus uitoefenen. Omdat schimmels een belangrijke rol spelen in de 
afbraak, was het doel van Hoofdstuk 4 om te bepalen of schimmeldiversiteit de 
afbraak versnelt. Dit is onderzocht met een meta-analyse. Door middel van uitgebreid 
literatuuronderzoek zijn studies gevonden die de afbraak van plantmateriaal 
onderzochten in een diversiteitgradiënt van schimmels, zowel in gecontroleerde 
experimenten met gemanipuleerde schimmeldiversiteit als in veldexperimenten met 
een natuurlijke schimmeldiversiteit en in aquatische en terrestrische milieus. Verhoogde 
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schimmeldiversiteit viel samen met versnelde afbraak van plantresiduen (strooisel en 
hout). In de gecontroleerde experimenten bereikte de diversiteit echter snel een plafond bij 
twee soorten schimmels en leidde een verdere toename van diversiteit niet tot versnelde 
afbraak. In veldexperimenten met natuurlijke schimmeldiversiteit, daarentegen, leidde 
een verhoogde diversiteit tot een versnelde afbraak ongeacht het diversiteitsniveau. Dit 
suggereert dat gecontroleerde experimenten niet representatief zijn voor veldsituaties 
en dat het noodzakelijk is om microbiële diversiteit in het veld te bestuderen. Daarnaast 
had de kwaliteit van het plantresidu invloed op de relatie tussen schimmeldiversiteit en 
afbraak. Een hogere C:N ratio van het residu resulteerde in een verminderd positief effect 
van diversiteit op de afbraak. Deze resultaten laten zien dat zowel microbiële diversiteit 
als residukwaliteit een belangrijke rol spelen bij de afbraak van plantresiduen. 

In Hoofdstuk 5 zijn de resultaten van het effect van de diversiteit van wintergewassen in 
een meerjarig veldexperiment tijdens de groei en na inwerking van de wintergewassen 
in de bodem beschreven. De hypothese was dat mengsels van wintergewassen 
broeikasgasemissies verminderen en microbiële diversiteit in de bodem verhogen ten 
opzichte van monoculturen. Drie wintergewassen (Avena strigosa (Japanse haver), Vicia 
sativa (voederwikke) en Raphanus sativus (bladrammenas)) groeiden in alle mogelijke 
combinaties van deze drie soorten in het veld in een gerandomiseerde blokopzet. 
Broeikasgasemissies werden regelmatig gedurende het jaar gemeten. Emissies gemeten 
in plots met wintergewassen waren hoger dan braakliggende grond, zowel tijdens 
de groei als na het inwerken van de wintergewassen. Mengsels van wintergewassen 
reduceerden de broeikasgasemissies niet ten opzichte van monoculturen. N2O-emissies 
piekten na inwerken van de wintergewassen en waren gecorreleerd met verhoogde 
nitrificatie en denitrificatie. Verder vonden we, in tegenstelling tot onze hypothese, 
geen effect van wintergewassen op de microbiële biomassa of diversiteit in het veld. 
Dit toont aan dat in dit veldexperiment het telen van mengsels van wintergewassen 
geen voordelen opleverde ten opzichte van monoculturen voor broeikasgasfluxen en 
microbiële diversiteit, biomassa en activiteit. 

Alles overziend bestudeerde ik in mijn onderzoek de effecten van mengsels en 
monoculturen van wintergewassen in potexperimenten tijdens de afbraak en in een 
vierjarig veldexperiment. De resultaten laten zien dat residuen van mengsels van 
wintergewassen het vermogen hebben om de microbiële functionele diversiteit te 
verhogen en microbiële groepen die betrokken zijn bij de nutriëntencyclus te stimuleren. 
Dit is een veelbelovend perspectief om mengsels van wintergewassen te gebruiken in 
het veld. In ons veldexperiment resulteerden mengsels van wintergewassen echter niet 
in verlaagde broeikasgasemissies of een verhoogde microbiële biomassa en diversiteit. 
Het voortzetten van veldexperimenten voor een langere periode is noodzakelijk om te 
bepalen of mengsels van wintergewassen gunstig zijn ten opzichte van monoculturen 
om de duurzaamheid in landbouwsystemen te verhogen. 
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