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Abstract 

 

Nitrous oxide (N2O) is a major greenhouse gas that also contributes to stratospheric ozone depletion. 

In the last decades atmospheric N2O concentrations were constantly raising, mainly due to human 

interventions in the nitrogen cycle. In 2015 atmospheric N2O concentration accounted for 121% of 

preindustrial periods. Since the biggest share of anthropogenic N2O emissions is emitted from 

agriculturally managed soils, developing soil management practices that reduce N2O emissions is a 

key challenge for the agricultural sector. 

Nitrogen transformation processes in soils are mainly controlled by microbes and a variety of 

processes within the microbial nitrogen cycle can produce N2O. Among those processes 

denitrification and nitrification are considered as the most important source processes for N2O. 

While nitrification occurs mainly under oxic conditions, denitrification is favored when the availability 

of oxygen is limited. The last step within denitrification, the reduction of N2O to N2, is the only know 

biological sink for N2O. Developing a detailed understanding how soil management practices affect 

microbial N2O production and reduction processes is a prerequisite for the establishment of climate 

smart agriculture. 

Several soil management practices were proposed as possible N2O mitigation strategies. Among 

those reduced tillage systems, organic agriculture and the addition of biochar were investigated 

within this thesis. In order to assess the effect of different soil management practices on N2O 

emissions and N2O producing and reducing microbial communities, incubation experiments under 

controlled conditions and field experiments were conducted. Functional microbial communities 

involved in N cycling were investigated using quantitative polymerase chain reaction (qPCR) and next 

generation sequencing approach. Furthermore, 15N tracing techniques were used to determine 

source process of N2O and N2O/(N2O+N2) product ratios in organically and conventionally managed 

soils.  

Under reduced tillage systems the lower soil layer was depleted in organic carbon stocks and 

showed enhanced potential of N2O production via nitrification. In contrast, in the upper soil layer 

under recued tillage soil organic carbon accumulated and an increased abundance of N2O reducing 

bacteria which correlated negatively with N2O emissions was observed. Organic farming systems 

revealed higher potential for N2O emissions compared to conventional systems but sustainably 

enabled functionality of the N2O reductase by maintaining a stable soil pH without the need for 
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further liming treatments. Biochar amendment resulted in an increase of free living N fixing and N2O 

reducing bacteria along with reduced N2O emissions. In a field experiment across a whole vegetation 

period a shift in community structure of N2O reducing bacteria was observed. Biochar addition 

favored N2O reducers which lack the genetic capability to produce N2O and thus most likely act as 

sink for N2O.  

Among all observed soil management practices the addition of biochar was the most effective 

strategy to reduced N2O emissions. Activity, abundance or community structure of N2O reducing 

bacteria could be linked to N2O emissions in all experiments conducted. This highlights that the 

functioning of the N2O reducing community is susceptible to management induced changes in soil 

properties and strengthens the viability of N2O mitigation strategies focusing on biological N2O 

reduction.  
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Zusammenfassung 
 

Lachgas (N2O) ist ein wichtiges Treibhausgas das auch zum Abbau von stratosphärischem Ozon 

beiträgt. Hauptsächlich durch menschliches Einwirken auf den globalen Stickstoffzyklus stieg im 

letzten Jahrzehnt die atmosphärische N2O Konzentrationen kontinuierlich an. Im Jahr 2015 betrug die 

atmosphärische N2O Konzentration 121% im Vergleich zum vorindustriellen Zeitalter. Da der 

Grossteil der menschlich verursachten N2O Emissionen aus landwirtschaftlich genutzten Böden 

stammen ist die Entwicklung von Bodenbearbeitungsmethoden die N2O Emissionen mindern können 

eine wichtige Herausforderung für den gesamten landwirtschaftlichen Sektor. 

Stickstoff wird um Boden vor allem mikrobiell umgesetzt. Innerhalb des mikrobiellen 

Stickstoffzyklus kann N2O durch mehrere Prozesse entstehen. Dabei werden Nitrifikation und 

Denitrifikation als die wichtigsten N2O bildenden Prozesse angesehen. Während Nitrifikation 

hauptsächlich unter oxischen Bedingungen stattfindet, wird die Denitrifikation durch 

sauerstofflimitierende Bedingungen begünstigt. Der letzte Schritt der Denitrifikation, die Reduktion 

von N2O zu N2 stellt die einzige bekannte biologische N2O Senke dar. Um eine klimafreundliche 

Landwirtschaft entwickeln zu können ist es daher unabdinglich ein grundlegendes Verständnis über 

die Auswirkung von Bodenbearbeitungsmethoden auf N2O produzierende und reduzierende 

Bodenbakterien zu bekommen.  

Mehrere Bodenbearbeitungsmethoden wurden als mögliche Strategien vorgeschlagen um 

N2O Emissionen zu verringern. Gegenstand diese Arbeit waren die reduzierte Bodenbearbeitung, der 

biologische Landbau und die Ausbringung von Biokohle. Um den Einfluss der verschiedenen 

Bodenbearbeitungsmethoden auf N2O Emissionen und N2O produzierende und reduzierende 

Bodenbakterien zu untersuchen wurden sowohl Inkubationsexperimente unter kontrollierten 

Bedingungen als auch Experimente im Feld durchgeführt. Funktionelle mikrobielle Gemeinschaften, 

die an Stickstoffumsetzungen beteiligt sind, wurden mit Hilfe von molekularbiologischen Methoden 

wie der quantitativen Polymerase-Kettenreaktion (qPCR) und modernen Sequenzierungstechniken 

untersucht. Weiterhin wurden 15N Markierungstechniken angewandt um die Herkunft von N2O und 

das N2O/(N2O+N2) Verhältnis in Böden unter biologischem und konventionellen Landbau zu 

bestimmen. 

 Unter Reduzierter Bodenbearbeitung konnte in den tieferen Bodenschichten ein höheres 

Potenzial zur N2O Bildung durch Nitrifikation festgestellt werden. In Gegensatz dazu war eine erhöhte 
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Abundanz von N2O reduzierenden Bakterien in der oberen Bodenschicht zu beobachten welche auch 

mit reduzierten N2O Emissionen in Verbindung gebracht werden konnten. Boden der unter 

biologischen Anbaumethoden bewirtschaftet wurde zeigte ein höheres Potenzial N2O zu emittieren, 

aber im Gegensatz zum konventionellen Landbau konnte die Funktionalität der N2O-Reduktase 

langfristig und ohne zusätzliche Kalkung durch einen stabilen Boden pH-Wert gewährleistet werden. 

Neben einer deutlichen Minderung von N2O Emissionen bewirkte die Zugabe von Biokohle einen 

Anstieg an stickstofffixierenden und N2O reduzierenden Bakterien. Im Feld konnte eine Veränderung 

der Gemeinschaftsstruktur von N2O reduzierenden Bakterien über eine gesamte Vegetationsperiode 

festgestellt werden. Durch die Zugabe von Biokohle wurden jene N2O reduzierenden Bakterien 

gefördert denen die genetische Fähigkeit N2O zu produzieren fehlte und somit als N2O Senke 

wirksam werden können. 

Unter allen untersuchten Bodenbearbeitungsmethoden war die Zugabe von Biokohle die 

wirksamste Strategie N2O Emissionen zu vermindern. Die Aktivität, Abundanz oder Struktur von N2O 

reduzierenden Bakteriengemeinschaften konnte in allen Experimenten mit den N2O Emissionen in 

Verbindung gebracht werden. Die deutet darauf hin, dass die Funktionalität dieser Gemeinschaft 

durch das Einwirken von Bodenbearbeitungsmethoden auf chemische und physikalische 

Bodeneigenschaften beeinflussbar ist. Daher scheint eine Fokussierung auf 

Bodenbearbeitungsmethoden welche biologische N2O Reduktion fördert ein vielversprechender 

Ansatz zu sein N2O Emissionen aus landwirtschaftlichen Böden zu verringern. 
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Introduction 

N2O emissions and nitrogen cycling 

Nitrous oxide (N2O) is a major greenhouse gas that also contributes to stratospheric ozone depletion 

(Ravishankara et al., 2009). It is a trace gas with a current atmospheric concentration of 328 ppb 

(IPCC, 2013). In the last decades, concentrations were rising linearly and reached 121% of the 

preindustrial period. Due to its long atmospheric half life time of 114 years and its specific absorption 

spectra closing earths radiation window at wavelengths of 4.50 and 2.87 µm, N2O has a global 

warming potential 298 times greater than CO2 (IPCC, 2013). Dominant sources for N2O emissions are 

closely related to microbial processes in soils, sediments and water bodies (Singh et al., 2010a). 

Natural N2O emissions from soil and oceans were stable over centuries and accounted for ~10.5 Tg 

N2O-N year-1 in 2006 (Syakila and Kroeze, 2011). In the same year anthropogenic N2O emissions 

summed up to 8.3 Tg N2O-N year-1 being the main cause for increasing atmospheric N2O 

concentrations (Syakila and Kroeze, 2011). It is estimated that anthropogenic N2O emissions account 

for ~6% of  the human induced increase in earth radiation (IPCC, 2013). Among anthropogenic 

sources, the agricultural sector is the biggest single contributor to N2O emissions accounting for 5.3 

Tg N2O-N year-1 (Syakila and Kroeze, 2011). Within the agricultural sector, N2O from agriculturally 

managed soils is the most important source for greenhouse gases and closely linked to soil 

management practices like fertilization and tillage (Smith et al., 2008). The amount and, to a lesser 

extent, speciation of N fertilization play important roles affecting the magnitude of N2O emissions 

(Shcherbak et al., 2014). 

Increased N2O emissions from agricultural soil are induced by human interventions in the 

nitrogen cycling. Since the invention of the Haber Bosch process the excessive use of mineral 

fertilizers in order to increase crop yields has raised global budgets of mineral N (Fowler et al., 2013). 

High rates of N fertilization together with low nitrogen use efficiencies are the main causes for loss of 

N from agroecosystems via nitrate (NO3
-) leaching or ammonia (NH3) volatilization (Fowler et al., 

2013). High NO3
- concentrations in surface waters are a threat to human health and can cause 

eutrophication. Similarly, dry and wet deposition of atmospheric N oxides (NOx) and NH3 leads to 

eutrophication and the loss of biodiversity in distant ecosystems. In fact, nitrogen cycling is one of 

the processes for which human interventions were identified to have exceeded planetary boundaries 

and severe consequences on ecosystem functioning are expected (Rockstrom et al., 2009). 

Therefore, balancing N cycling and improving N use efficiency in agroecosystems while maintaining 
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productivity is a key challenge for the whole agricultural sector (Ollivier et al., 2011). Developing 

strategies for N2O mitigation is one major aspect within this challenging task (Thomson et al., 2012). 

Microbial processes in N cycling 

Nitrogen fixation 

N cycling in soils almost entirely depends on microbial activity and involves several processes under 

varying oxygenation conditions. Principally, N enters the microbial N cycle by fixation of atmospheric 

dinitrogen (N2). This crucial step is performed by N fixing bacteria which can either occur free living in 

the soil or form symbiotic relationships with plants (e.g. legumes) (Canfield et al., 2010). N fixation is 

catalyzed the nitrogenase enzyme. The catalytic subunit of this enzyme is encoded by the functional 

gene nifH (Reed et al., 2011) (Figure 2). Since the functionality of this enzyme is inhibited under the 

presence of oxygen (O2) enhanced N fixation by free living bacteria can be expected under O2 limiting 

conditions (Vitousek et al., 2002). N becomes available for other soil organisms in the form of 

ammonium (NH4
+) by mineralization of plant material from symbiotically N-fixing plants or lysis of 

free living N fixing bacteria (Francis et al., 2007). 

Nitrification 

Under oxic conditions, NH4
+ is oxidized to NO3

- in the process of nitrification. This process is a 

stepwise pathway divided in the two sub-processes ammonia oxidation and nitrite oxidation. The 

first and rate limiting step is the oxidation of NH4
+ to hydroxylamine (NH2OH) (Kelly et al., 2011). This 

reaction is catalyzed by the ammonia monooxygenase and can be performed by ammonia oxidizing 

bacteria (AOB) and archaea (AOA) (Treusch et al., 2005; Taylor et al., 2012). The catalytic subunit of 

the ammonia monooxygenase is encoded by the functional gene amoA. NH2OH can be further 

oxidized abiotically to N2O which makes nitrification a direct source process for N2O emissions 

(Butterbach-Bahl et al., 2013; Otte et al., 1999). NH2OH can also be oxidized enzymatically to NO2
- by 

ammonium oxidizing microorganisms via hydroxylamine oxidoreductase encoded by the functional 

gene hao (Braker and Conrad, 2011). In the successive process of nitrite oxidation NO3
- is formed by 

oxidation of NO2
- via nitrite oxidoreductase encoded by the functional gene nxrA (Poly et al., 2008). 

Until recently is was wide recognized that the process of nitrite oxidation and ammonia oxidation are 

performed by phylogenetically different guilds (Vlaeminck et al., 2011). However, species of the 

phylum Nitrospira, which is known for their genetic capability for nitrite oxidation, were detected 

that hosted functional genes for ammonium oxidation. This suggests that all nitrification steps can be 
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performed within one species in the newly named process of “comammox” (complete ammonium 

oxidation) (Daims et al., 2015; van Kessel et al., 2015). 

Denitrification 

Denitrification is a microbial respiratory process in which N oxides are used as alternative electron 

acceptor when O2 is not available for aerobic respiration. In this process, NO3
- is stepwise reduced to 

dinitrogen (N2) with the obligatory intermediates NO2
-, nitric oxide (NO) and N2O. The first reduction 

step to NO2
- is mediated by nitrate reductases encoded by the functional genes napA and narG 

(Braker and Conrad, 2011). The reduction of NO2
- to NO, the key step in denitrification, is either 

catalyzed by a copper or cytochrome cd1 nitrite reductase encoded by the functional genes nirK and 

nirS, respectively (Philippot et al., 2007). Subsequently, N2O is produced by the reduction of NO 

catalyzed by a norB-encoded nitric oxide reductase (Braker and Conrad, 2011). NO2
- reduction and 

NO reduction can also be performed by ammonia oxidizers, which leads to N2O formation in the 

process named nitrifier-denitrification (Kool et al., 2011). Most likely, the reduction of NO2
- and NO is 

performed as detoxifying mechanism due to nitrosative stress (Philippot et al., 2007). Nevertheless, 

nitrifier-denitrification is considered as independent N2O producing process (Kool et al., 2011). The 

last step in denitrification, the reduction of N2O to N2 is mediated by the nitrous oxide reductase 

encoded by the functional gene nosZ and the recently discovered atypical nosZ-II gene (Sanford et al., 

2012; Jones et al., 2013). Since N2O is produced as obligatory intermediate, the process of 

denitrification is widely recognized as one of the most important source process for N2O (Zumft and 

Kroneck, 2006; Butterbach-Bahl et al., 2013). It needs to be noted that the nitrous oxide reductase is 

highly O2 and pH sensitive. Constricted functionality of the nitrous oxide reductase can lead to 

incomplete denitrification and N2O formation (Butterbach-Bahl et al., 2013). Yet, N2O reduction is 

also the only known biological sink process for N2O. Denitrifiers are defined as microbes which 

produce N2O or N2 and whose growth rates are coupled to the reduction of N oxides (Philippot et al., 

2007). Importantly, denitrification is a modular pathway and not all microbes involved possess the 

whole set of enzymatic systems (Graf et al., 2014). Around a third of denitrifiers lack the functional 

gene nosZ and thus act as a source for N2O (Philippot et al., 2011). The occurrence of the atypical 

nosZ gene is phylogenetically widespread and many atypical nosZ bearing microbes lack antecedent 

denitrification genes for which they cannot be referred to as typical denitrifiers. However, due to 

their genetic capability to reduce N2O these microbes can act as a sink for N2O (Jones et al., 2014). 

Dissimilatory Nitrate Reduction to Ammonium (DNRA) 

Similar to denitrification the process of DNRA transforms NO3
- heterotrophically under anoxic 

conditions. After the initial reduction step to NO2
-, NH4

+ is produced by a cytochrome nitrite 
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reductase encoded by the functional gene nrfA (Welsh et al., 2014). DNRA competes with 

denitrification for NO3
- and organic C and there are indications that DNRA becomes the dominating 

NO3
- reducing process under carbon rich and highly reducing environments (Schmidt et al., 2011). 

Despite the ecological significance of this process, which maintains N within the ecosystem, the 

detailed mechanisms of this process are not well understood (Chen et al., 2015). Up to date it is not 

clear whether N2O can be produced in the process of DNRA (Butterbach-Bahl et al., 2013). 

Anaerobic Ammonium Oxidation (Anammox) 

During the anammox process, NH4
+ is oxidized to N2 using NO2

- as electron acceptor. The discovery of 

the anammox proofed the existence of an ammonium oxidizing process under anoxic conditions and 

an alternative source for N2 apart from heterotrophic denitrification (Francis et al., 2007). Although 

the exact pathway is not completely understood, the hydrazine oxidoreductase, encoded by the 

functional gene hzo, seems to mediate the key reaction within this process (Lam and Kuypers, 2011). 

There are also indications that N2O can be formed in the course of this process (Harris et al., 2015). 

Factors controlling N2O emissions from soils 

N2O emissions often occur under changing biogeochemical conditions and show large temporal and 

spatial variability (Butterbach-Bahl et al., 2013). Factors controlling N2O emissions can be classified as 

proximal and distal controls which influence N2O emissions either directly or indirectly (Wallenstein 

et al., 2006; Braker and Conrad, 2011). 

Proximal controls include soil pH, availability of C and N species as well as the oxygenation 

status of the soil. The O2 concentration in soils largely depends on the water content and is often 

expressed by water filled pore space (WFPS). Since soil aeration status determines the predominant 

N cycling process it seems plausible that this parameter was identified as main driver for N2O 

emissions on a regional scale (Jungkunst et al., 2006). Principally, high water contents favor anoxic 

processes like denitrification, DNRA and anammox (Butterbach-Bahl et al., 2013). Yet, it needs to be 

noted that oxic and anoxic processes can occur even within one soil aggregate and denitrification can 

be a major source for N2O emissions even at WFPS around 80% (Butterbach-Bahl et al., 2013). At a 

WFPS below 70% the relative importance of NH4
+ as source for N2O increases and nitrification and 

nitrifier-denitrification becomes the major source for N2O emissions (Kool et al., 2011). Apart from 

soil oxygenation status also the availability and speciation of N affects the magnitude of N2O 

emissions. Levels of produced N2O originating from NH4
+ are several orders of magnitudes lower 

(103-106) compared to NO3
- derived N2O (Canfield et al., 2010; Braker and Conrad, 2011). In 
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agroecosystems N2O emissions often occur after N fertilization which makes fertilization rate the 

best single predictor for N2O emissions from agricultural soils (Shcherbak et al., 2014). N2O emissions 

increase exponentially with increasing fertilization rates which further highlights the importance of 

efficient N use in agroecosystems (Shcherbak et al., 2014). Since heterotrophic N cycling processes 

like denitrification require organic C as electron donors, the availability of C is considered as another 

proximal control of N2O emissions (Wallenstein et al., 2006). In fact the amount of available C often 

limits denitrification and any factor influencing C mineralization rates (e.g. root exudation, 

incorporation of crop residues, temperature) can have a major impact on denitrification rates (Saggar 

et al., 2013). Generally, it is assumed that increased availability of C also increases N2O emissions 

from denitrification (Bhandral et al., 2007; Saggar et al., 2013). Yet, it needs to be considered that 

this only holds true when NO3
- concentrations are not limiting. Under NO3

- shortage and when C is 

easily available, N2O reduction can lower N2O emissions and N2O/N2O+N2 product ratios (Miller et al., 

2008; Senbayram et al., 2012). N2O reduction is impeded at low soil pH (Saggar et al., 2013; Baggs et 

al., 2010). A low pH was shown to impede correct folding of the nitrous oxide reductase enzyme in 

Paracoccus denitrificans and high N2O emissions were thus ascribed to dysfunctional nitrous oxide 

reductases (Bergaust et al., 2010). I was also suggested that a low soil pH favors fungal denitrification 

which would increase N2O emissions since fungi generally lack genetic capability for N2O reduction  

(Saggar et al., 2013). 

 Distal controls are of N2O emissions are less dynamic and affect N2O emissions indirectly. For 

example soil texture is a major soil parameter that influences soil pore space and soil hydrology  

(Wallenstein et al., 2006). Consequently, clay rich soils tend to exhibit rather reducing conditions 

compared to sandy soils. Soil texture also affects other proximal controls of N2O emission since high 

clay contents relate to increased organic C stocks and N retention (Grüneberg et al., 2013; Gaines 

and Gaines, 1994). It was also shown that soil texture affects richness and diversity of bacterial 

communities (Carson et al., 2010). Since the N cycling is mainly mediated by microbial activity the 

size, metabolic activity and structure of the functional communities involved in N2O production and 

reduction can be considered as another distal control for N2O emissions (Wallenstein et al., 2006). 

Denitrifier abundance has been related to N2O emissions in a range of studies (Chen et al., 2015; Tatti 

et al., 2014; Morales et al., 2010). Yet, it needs to be noted that this relationship is not 

straightforward since quantifying sole size of a functional community does not comprise a measure 

for microbial activity and efficiency of enzymatic reactions (Bier et al., 2015). Consequently, other 

studies found no significant relationship between functional gene abundances and N2O emissions 

(Henderson et al., 2010; Dandie et al., 2011). Apart from community size also the structure of 
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functional guilds can have a great impact on its functionality. It was shown that community 

composition of nitrous oxide reducing bacteria was a major driver affecting N2O/N2O+N2 product 

ratios in annual and perennial cropping systems (Domeignoz-Horta et al., 2015). In turn, the size and 

structure of microbial communities can be influence by soil management practices. This term 

summarizes all soil related techniques used for crop cultivation like tillage, fertilization, incorporation 

of crop residues, crop rotation and pest control. Soil management practice has often been described 

in terms of changes in environmental conditions and availability of nutrients which can affect 

microbial communities in various ways. For example, land use intensity and fertilization regime can 

induce a shift in size and structure of the denitrifier community (Hallin et al., 2009; Tatti et al., 2014; 

Meyer et al., 2013). Managing soil microbiology by adapting soil management practice is currently 

considered as one of the most promising approaches to mitigate N2O emissions (Thomson et al., 

2012). Yet, currently we lack a detailed understanding of how different soil management practices 

affect N2O emissions and functional communities involved in N2O production and reduction. 

Soil management practices 

A range of soil management practices are currently debated as possible measures for N2O mitigation. 

The major challenge in identifying effective mitigation strategies for N2O emissions is the complex 

nature of N2O producing and reducing processes that are sensitive to a wide range of factors as 

described above. Spatial and temporal variability of these factors often impede reliable extrapolation 

of research findings on N2O emissions to other locations or times (Venterea et al., 2012). Not 

surprisingly, lowering fertilizer N input is probably the only commonly accepted strategy for N2O 

mitigation across all pedoclimatic conditions (Venterea et al., 2012). Yet, from the view of food 

production decreasing N inputs often result in lower crop yields. In order to tackle this issue, a major 

demand of future climate smart agriculture is a high nitrogen use efficiency (Thomson et al., 2012). In 

this thesis reduced tillage, organic farming and the amendment of biochar are in investigated. 

Organic farming and reduced tillage systems are already widely used in agricultural practice while the 

amendment of biochar is gaining attention among researchers and farmers. In the following the 

current knowledge about the impact of these soil management practices on mechanisms of N2O 

emission N2O production and reduction will be summarized. 

Reduced Tillage 

Reducing tillage intensity is widely discussed as a management tool to prevent soil erosion, increase 

soil quality and possibly to mitigate N2O emissions (Derpsch et al., 2010; Reay et al., 2012). In no-till 
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systems, weed control is mostly achieved by the intense use of pesticides (Gattinger et al., 2014). 

Since the use of agrochemicals is not an option in organic systems, reduced tillage was developed as 

method which also tackles the issue of weed control by superficially working the soil in a non-

inversive manner (Mäder and Berner, 2012). Reducing tillage intensity leads to the accumulation of 

organic carbon in the upper few cm of the soil profile, while deeper soil layers are depleted in 

organic carbon compared to conventional tillage (Luo et al., 2010). Thus, no net effect of reduced 

tillage on C sequestration can be expected (Powlson et al., 2014; Luo et al., 2010). Reducing tillage 

intensity was repeatedly suggested as tool to mitigate N2O emissions (Thomson et al., 2012; Reay et 

al., 2012). However, a recent meta-analysis reported no clear effects of no-till or reduced tillage 

systems on N2O emissions (van Kessel et al., 2013). While several field studies claimed N2O mitigation 

due to reduced tillage (Mosier et al., 2006; Gregorich et al., 2008) other studies showed no effect or 

increased N2O emissions (Ball et al., 1999; Venterea et al., 2005). It was therefore suggested that 

reduced tillage becomes an effective tool for N2O mitigation only when it is applied for at least 10 

years (van Kessel et al., 2013). In the long-term, it was proposed that the development of an 

improved soil structure might prevent local anaerobiosis within the soil profile (Six et al., 2004). Also 

the type and placement of fertilizers was shown to influence the N2O mitigation potential under 

reduced tillage. N fertilizer placed <5 cm soil depth significantly reduced N2O emissions under 

reduced tillage (van Kessel et al., 2013). Up to date there is little knowledge how reduced tillage 

influences functional communities involved in N2O production and reduction. Studies investigating 

the impact of reduced tillage intensity on N cycling microbial communities are scare and mainly focus 

on denitrifiers (Baudoin et al., 2009; Melero et al., 2011). For this thesis the reduced tillage field trial 

in Frick served as research platform in order to investigate the impact of tillage systems on fertilizer 

induced N2O emissions and the underlying functional microbial communities involved in N cycling. 

The field trial was established in autumn 2002 and compares conventional tillage with reduced tillage 

under organic agricultural practice (Mäder and Berner, 2012). 

Organic Agriculture 

In organic agricultural practice the use of synthetic fertilizers and pest control is prohibited. In order 

to achieve high crop yield organic agriculture aims on closing nutrient cycles and increasing efficiency 

of food production (Smith et al., 2015). One important issue concerning organic agricultural systems 

is the so called “yield gap”. Dependent on the crop organic systems produce around 80% of 

conventional yields, due to lower fertilizer inputs (de Ponti et al., 2012). Yet, energy and nutrient use 

efficiency of organic systems clearly outcompete their conventional counterparts (Smith et al., 2015). 

Core practices of organic agricultural systems are incorporation of legumes and cover cops in the 
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crop rotation and the application of organic fertilizers, such as compost, slurry or stacked manure 

(Diacono and Montemurro, 2010). These practices impact soils C budgets and a recent global meta-

analysis showed organic soil management to enhance topsoil C stocks compared to conventional 

systems (Gattinger et al., 2012). However, it is not clear whether these differences reflect a net gain 

or a reduced loss of organic C in organically managed soils (Gattinger et al., 2012). The incorporation 

of legumes and cover crops within the crop rotation fundamentally affect N cycling in organic 

systems. While organic N from crop residues of legumes can be considered as net N input for the 

next cropping season, cover crops in organic systems catch N in fallow periods and thus prevent loss 

of N through leaching or erosion. Consequently, organically managed systems are designed to catch 

and keep N within the agroecosystem and are less dependent on N fertilization compared to 

conventionally managed systems (Smith et al., 2015). Furthermore the use of organic fertilizers 

results in a slow release of mineralized N and thus lowers the availability of N for plants and microbes 

(Dawson et al., 2008). A recent meta-analysis compared N inputs with N2O emissions in agricultural 

systems and found an exponential increase of N2O emissions with increasing N fertilization rates 

within one cropping season (Shcherbak et al., 2014). However, due to the diversified sources of N, 

the same relationship does not hold true for organically managed systems (Skinner et al., 2014). A 

global meta-analysis showed that organic systems decreased area scaled N2O emissions while 

increasing yield scaled N2O emissions due to the yield gap in organic systems (Skinner et al., 2014). 

Since it is generally acknowledged that C availability affects denitrification rates, N2O emissions in 

organically managed soil might be altered by enhanced C stocks (Morley and Baggs, 2010). Several 

studies suggested that N2O emissions might increase due to enhanced availability of C sources for 

heterotrophic denitrifiers (Cayuela et al., 2010; Bhandral et al., 2007; Flessa and Beese, 2000). 

However, also the opposite effect was reported and increased N2O reduction was hypothesized to 

mitigate N2O emissions after addition of organic C (Miller et al., 2009). Regular addition of organic 

farmyard manure in organic systems was often proposed to induce a shift in bacterial and fungal 

community composition (Hartmann et al., 2006; Hartmann et al., 2014; Wang et al., 2016). And 

amount and type of N fertilizers were shown to impact abundance of denitrifiers (Hallin et al., 2009; 

Tatti et al., 2014). Increased potential denitrification rates after manure addition compared to 

inorganic N fertilization was observed to correlate with denitrifier abundance (Clark et al., 2012). 

However, in another field experiments manure addition increased abundance of denitrifiers without 

affecting N2O emissions (Tatti et al., 2014). While there are several indications that organic 

fertilization increases denitrifier abundance a thus soil capacity for denitrification it is not clear 

whether enhanced N2O reduction might counterbalance this effect by lowering N2O/(N2O+N2) 

product ratios. In order to tackle this question the DOK field trial served as research platform to 



Introduction 

16 

investigate the impact of organic soil management practice on N2O producing and reducing microbial 

communities and N2O/(N2O+N2). This trail was established in 1978 and compares organic and 

conventional farming systems (Fließbach et al., 2007). Typical for Swiss agricultural practice all 

farming systems are managed according the same crop rotation and farming systems in this specific 

field trial mainly differ in pest control and the amount and type of fertilization. 

Biochar amendment 

Biochar is defined as a carbon rich product of combustion of biomass under oxygen limited 

conditions for application to soils (Verheijen et al., 2010). Its use as soil amendment is recently 

discussed due to its proposed beneficial effects on soil quality and as option to mitigate climate 

change (Woolf et al., 2010; Verheijen et al., 2010). Depended on the feedstock the properties of 

biochar can vary, but all biochars share some common characteristics like low pH, a high content of 

aromatic carbon structures and a high surface area (Atkinson et al., 2010). The potential of biochar to 

mitigate climate change is largely based on its recalcitrant nature, which slows the rate at which 

photosynthetically fixed C is released in the form of CO2 (Cheng et al., 2008). However, the use of 

biochar as soil amendment also holds other co-benefits for soil quality. It was shown that biochar can 

improve agricultural productivity, particularly in degraded soils with low fertility (Woolf et al., 2010). 

Furthermore biochar can reduce leaching of nutrients and improve water holding capacity (Singh et 

al., 2010b; Lehmann and Joseph, 2009). Apart from that, biochars potential to mitigate N2O 

emissions was repeatedly demonstrated (Cayuela et al., 2013; Yanai et al., 2007). A recent meta-

analysis showed that biochar reduced N2O emissions across 30 studies by around 50% (Cayuela et al., 

2013). Yet, field studies showed a much higher variability and less consistent response to biochar 

addition compared to laboratory experiments (Cayuela et al., 2013; Verhoeven and Six, 2014; Pereira 

et al., 2015). Up to date the underlying mechanism of biochar mitigating N2O emissions is poorly 

understood. Since biochar was shown to be redox active increased heterotroph activity around 

biochar particles might stimulate formation of anoxic microsites and thus favor conditions for 

microbes performing complete denitrification (Van Zwieten et al., 2014; Kappler et al., 2014). 

Furthermore, the addition of biochar might increase soil pH which was shown to enhance N2O 

reduction (Baggs et al., 2010). Also sorption of N2O onto biochar particles and beneficial effects on 

soil structure enhancing soil aeration could be possible mechanisms contributing to N2O mitigation 

after biochar addition (Cornelissen et al., 2013; Harter et al., 2016a; Hagemann et al., 2016). 

Recently, it was shown in a laboratory experiment that biochar stimulates a shift in community 

composition of N2O reducers, favoring microbes either specialized on N2O reduction or complete 

denitrification (Harter et al., 2016b). Yet, it is still unclear whether this observation also holds true 
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under field conditions and on the long term. A newly established biochar field trial at Agroscope 

Reckenholz served as research platform to investigate the impact of biochar on community structure 

of N2O reducing bacteria across a vegetation period. In order to test the liming effect of the biochar 

as potential mechanism for reduced N2O emission, an additional liming treatment was included in 

this field trial.  

Objectives of the thesis 

The overarching objective of this thesis was to investigate the underlying mechanisms of N2O 

production and reduction in agricultural soils under different soil management practice. For this issue 

it is crucial to investigate functional guilds involved in N cycling since they ultimately perform redox 

reactions resulting in N2O production and reduction. Although the impact of single parameters on 

microbial N cycling and N2O emissions is quite well understood there is a fundamental knowledge 

gap when it comes to complex soil management practices. Therefore, incubation experiments under 

controlled conditions as well as field experiments were conducted.  

The first experiment (Chapter 2) aimed at assessing the impact of reduced tillage on N2O 

emissions and nitrifying and denitrifying microbial communities under different fertilization regimes. 

Since reducing tillage intensity changes soil geochemical parameters in dependency of soil depth soil 

samples from two different soil depths were incubated. Furthermore, fertilization under field 

conditions was mimicked by incubating the soil under rather oxic conditions. The main objectives of 

this experiment were: 

I. To quantify the impact of tillage system on N2O emissions and N transforming 

processes in dependency of soil depth and fertilization strategy 

II. To quantify the microbial potential for nitrification, denitrification and N2O reduction 

in soils under reduced and conventional tillage 

 The second experiment (Chapter 3) aimed at investigating N2O production and reduction 

potential of soils under organic and conventional soil management practice. In order to promote 

denitrification and N2O reduction soils were incubated under oxygen limited conditions mimicking 

situations occurring after a heavy rain event. N2O reduction and the origin of N2 and N2O emissions 

were determined using 15N tracing techniques. The main objectives of this experiment were: 

I. To quantify N2O emission and N2O reduction potential of soils under organic and 

conventional farming 
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II. To assess the functional impact of denitrifier gene abundance and expression on N2O 

production and reduction under organic and conventional farming 

 The third experiment (Chapter 4) was performed in order to assess the impact of biochar 
amendment on N cycling and aimed at identifying links between mitigation of N2O emissions and 
functional microbial communities involved in N fixation, nitrification, and denitrification. Since 
highest N2O emissions often occur after heavy rain fall soils were incubated under oxygen limited 
conditions. The main objectives of this experiment were: 

I. To quantify the impact of biochar amendment on N2O emissions and the dynamics of 

mineral nitrogen species 

II. To quantify the genetic capability of the microbial community to perform nitrogen 

fixation, nitrification and denitrification in biochar amended soil 

 The forth experiment (Chapter 5) aimed at assessing community structure of N2O reducers 
across a vegetation period after biochar amendment under field conditions. In order to assess the pH 
effect of biochar addition to soils a limed control was included in this field experiment. The main 
objectives of this experiment were. 

I. To identify biochar and lime induced shifts in community composition of N2O 

reducers across a vegetation period 

II. To identify indicator species driving N2O mitigation after biochar amendment under 

field conditions 
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Abstract Since the development of effective N2O mitigation
options is a key challenge for future agricultural practice, we
studied the interactive effect of tillage systems on fertilizer-
derived N2O emissions and the abundance of microbial com-
munities involved in N2O production and reduction. Soil sam-
ples from 0–10 cm and 10–20 cm depth of reduced tillage and
ploughed plots were incubated with dairy slurry (SL) and
manure compost (MC) in comparison with calcium ammoni-
um nitrate (CAN) and an unfertilized control (ZERO) for
42 days. N2O and CO2 fluxes, ammonium, nitrate, dissolved
organic C, and functional gene abundances (16S rRNA gene,
nirK, nirS, nosZ, bacterial and archaeal amoA) were regularly
monitored. Averaged across all soil samples, N2O emissions
decreased in the order CAN and SL (CAN= 748.8 ± 206.3,
SL = 489.4 ± 107.2 μg kg−1) followed by MC (284.2 ±
67.3 μg kg−1) and ZERO (29.1 ± 5.9 μg kg−1). Highest cumula-
tive N2O emissions were found in 10–20 cm of the reduced tilled
soil in CAN and SL. N2O fluxes were assigned to ammonium

as source in CAN and SL and correlated positively to
bacterial amoA abundances. Additionally, nosZ abun-
dances correlated negatively to N2O fluxes in the organic
fertilizer treatments. Soils showed a gradient in soil or-
ganic C, 16S rRNA, nirK, and nosZ with greater amounts
in the 0–10 than 10–20 cm layer. Abundances of bacterial
and archaeal amoAwere higher in reduced tilled soil com-
pared to ploughed soils. The study highlights that tillage
system induced biophysicochemical stratification impacts
net N2O emissions within the soil profile according to N
and C species added during fertilization.

Keywords Nitrous oxide . Nitrification . Denitrification .

Fertilization . Reduced tillage . Soil organic carbon

Introduction

Nitrous oxide (N2O) is a major greenhouse gas and the pre-
dominant ozone depleting substance in the stratosphere, esti-
mated to account for 6 % of global warming (Montzka et al.
2011; Ravishankara et al. 2009). Concentration of atmospher-
ic N2O has risen by 20% since the preindustrial period mostly
due to anthropogenic interventions in the N cycle (Davidson
2009). Around 60 % of anthropogenic N2O emissions origi-
nate from microbial processes in agriculturally managed soils
(Syakila and Kroeze 2011). To develop effective mitigation
strategies for N2O emissions, a detailed understanding of mi-
crobial responses on agricultural management practices is
needed (Venterea et al. 2012). Reduced tillage (RT) or no
tillage (NT) practices are widely used in cereal-based cropping
systems due to their beneficial effects regarding the prevention
of soil erosion and water conservation (Derpsch et al. 2010;
Powlson et al. 2014). Stratification of soil organic matter in-
creases with reduced tillage intensity (Luo et al. 2010) which
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  impacts soil physicochemical properties like soil aeration and
C availability within the soil profile. This can affect microbial
community composition and functioning (Wallenstein et al.
2006). For reduced tillage, changes in PLFA profiles were
already reported for bacteria, archaea, and fungi (Kuntz et al.
2013). Studies investigating the impact of tillage systems onN
cycling microbial communities in relation to N2O emissions
are however scarce and mainly focus on denitrifiers solely
(Baudoin et al. 2009; Melero et al. 2011). In relation to
fertilizer-induced N2O emissions, knowledge is lacking about
nitrifiers affected by tillage system, but is important as many
fertilizers are ammonium based.

Fertilizer types can influence N2O emissions due to
different N species (NH4

+, NO3
−, and Norg) and amounts

of available C added (Butterbach-Bahl et al. 2013). In a
simplified view, ammonium (NH4

+) is the major source
for N2O emissions via nitrification under oxic conditions
while under suboxic conditions N2O is mostly produced
by reduction of nitrate (NO3

−) in the process of denitrification.
Under moderate moisture conditions, both denitrification and
nitrification appear simultaneously in different microsites
(Butterbach-Bahl et al. 2013). Denitrification thereby shows
a higher potential for N2O production as N2O is an obligate
intermediate during this process. Furthermore, the addition of
C during organic fertilization was repeatedly shown to in-
crease denitrification and N2O emissions (Flessa and Beese
2000). In contrast, C addition under nitrate shortage was also
shown to promote N2O reduction to dinitrogen (N2), thereby
lowering N2O emissions (Miller et al. 2009; Senbayram et al.
2012; van Groenigen et al. 2004).

To assess the abundance of functional communities in-
volved in nitrification and denitrification, functional gene
quantification via qPCR presents the most widely used ap-
proach. Bacterial and archaeal amoA are used as marker genes
for nitrification, while nirK and nirS genes are often used to
assess denitrifier abundance (Philippot et al. 2011). The nosZ
gene serves as a marker for nitrous oxide reduction, the only
known process that acts as a sink for N2O (Butterbach-Bahl
et al. 2013). As not all denitrifier possess the complete set of
denitrifying enzymatic systems, the genetic potential to reduce
N2O and the N2O/N2 product ratio also depends on denitrifier
community composition (Domeignoz-Horta et al. 2015; Graf
et al. 2014). Especially the recently discovered clade of bacte-
ria bearing atypical nosZ genes were found to lack antecedent
denitrifying enzymatic systems (Jones et al. 2014).

Although the overall impact of reduced tillage systems on
N2O emissions based on annual budgets is reported to be
similar to plowing systems and emissions even tend to de-
crease when RT is applied in the long run (Rochette 2008;
Six et al. 2004; van Kessel et al. 2013), tillage systems may
still respond differently to mitigation options. For example, fer-
tilization methods offer an opportunity for system optimization.
Banded placement ofmineral fertilizers at depths >5 cm lowered

N2O emissions significantly under NT/RT (van Kessel et al.
2013). However, few studies exist regarding the impact of or-
ganic fertilizer types and their placement on N2O emissions
under contrasting tillage strategies. As various techniques exist
for the application of organic fertilizers, stratification of soil
microbial communities as a result of tillage system change could
affect N2O emissions.

The objective of this study was therefore to gain basic
knowledge about N2O processes for fertilizers with different
composition of N and C species in two tillage systems and soil
depths. We therefore used laboratory experiments to simulate
a fertilizer application to a clayey soil from the long-term
organic tillage trial in Frick, Switzerland (Berner et al. 2008;
Gadermaier et al. 2012). We hypothesized that (1) tillage sys-
tems affect soil properties and abundance of N cycling micro-
bial communities within the soil profile, (2) fertilizer types
determine N2O emissions and predominant N cycling pro-
cesses, and (3) tillage system–induced changes in
biophysicochemical soil properties affect N2O emissions in
dependency of fertilization strategy.

Materials and methods

Site conditions, and soil and fertilizer sampling

Soil samples were taken from the long-term organic tillage
trial in Frick, Switzerland (47°30′N, 8°1′E, 350 m a.s.l.).
Tillage treatments include plowing to a depth of 15–18 cm
(CT) and reduced tillage with a skim and chisel plough (RT)
to 5–10 cm. The soil was classified as Vertic Cambisol with a
texture of 45 % clay, 33 % silt, and 22 % sand. Samples from
the upper (0–10 cm) and lower (10–20 cm) topsoil were taken
across all four field replicates in March 2013, homogenized,
air-dried to a gravimetric water content of 17.9 (±0.9)%, and
sieved to 5-mm aggregates before storage at 4 °C. In order to
assess the impact of fertilizer type on N2O emissions and N
cycling microbial communities, two organic fertilizers also
used in the field trial, liquid dairy slurry (SL) and dairymanure
compost (MC, stable manure composted for 18 weeks), were
compared with calcium ammonium nitrate (CAN, 27 % N)
and an unfertilized control (ZERO). Basic physicochemical
properties and nutrient contents of soils and fertilizers are
given in Tables 1 and 2.

Experimental setup

After preincubation for 1 week at room temperature, the
equivalent of 100 g dry soil was filled in 250 ml DURAN
wide neck glass bottles (Schott AG, Mainz, Germany) which
served as microcosms. The soil aggregates were evenly
compacted to a bulk density of 1.25 g cm−3. In order to mimic
a moderate fertilization event, fertilizer N addition was
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normalized to 35 kg N ha−1 (11 mg Nt per microcosm). Slurry
(SL), CAN solution, and H2Odemin (ZERO) were evenly
spread superficially in its liquid form, while particles of fresh
manure compost were homogenized with the dry soil before
compaction. This procedure assured homogeneous physico-
chemical soil conditions in all treatments to focus on the reac-
tion of microbial communities under simulated conditions.
Water-filled pore space (WFPS) was adjusted to 60 % to ac-
count for moisture conditions during fertilization in the field.
Microcosms were incubated at constantly 20 °C in the dark in a
completely randomized order. Swelling of soil samples due to
the high clay content and loss of water during incubation were
compensated by added H2Odemin on a daily base. Analysis of
greenhouse gases (N2O, CO2) was carried out daily within the
first week after fertilizer application and weekly thereafter for
42 days. Parallel microcosm sets were set up and stored in the
same way and destructively sampled for soil analysis after 1, 3,
7 and 42 days of incubation.

Physicochemical analysis

Soil pHwas determined in a 1:2.5 (w/v) dilution with H2Odemin.
Soil organic C (SOC) and fertilizer Ct (60 °C dried samples)
were analyzed by dry combustion (multi N/C2100S +HT1300;
Analytik Jena AG, Jena, Germany). SOC was determined by

the subtraction of 105 °C (Ct) by 500 °C (inorganic C) treated
and then at 1000 °C combusted samples. Total soil N (Nt) was
also determined by combustion (CN Vario Max; Elementar
Analysensysteme GmbH, Hanau, Germany). Microbial bio-
mass C and N (Cmic, Nmic) were assessed with the chloroform
fumigation extraction method with 0.5 M K2SO4 as described
in Fließbach et al. (2007). Dissolved organic C (DOC) was
extracted using 0.01MCaCl2 filtered through a 0.45-μmmem-
brane filter (Porafil® CM; Macherey-Nagel, Düren, Germany)
with a vacuum device (SM; Sartorius AG, Göttingen,
Germany). Extracts were determinedwith a TOC/TNb analyzer
(DIMA-TOC 100; Dimatec Analysentechnik GmbH, Essen,
Germany).

Kjehldahl wet digestion (2020 Digestor; Foss Tecator AB,
Höganäs, Sweden) was employed to quantify organically
bound N (Norg) in both organic fertilizers. Ammonium con-
tents in liquid slurry were analyzed by direct distillation
(Büchi 315; Büchi AG, Flawil, Switzerland) whereas am-
monium and nitrate of fresh manure compost and soil
samples were determined by CaCl2 (0.01 M CaCl2
at 1:4 w/v) extraction. After filtration (MN 619EH;
Macherey-Nagel, Düren, Germany), ammonium and ni-
trate contents were determined spectrophotometrically
(SAN-plus Segmented Flow Analyzer; Skalar Analytical
B.V., Breda, Netherlands).

Table 1 Means and standard deviations of C and N contents of fertilizers (n = 4)

Dry matter Total C Dissolved organic C Total N Nitrate Ammonium Organic N C/N pH (H2O)

Fertilizer % mg applied mg applied mg applied

Calcium ammonium
nitrate (CAN)

100 41.0 – – 11.07a 5.54a 5.54a – – 7.81 (0.01)

Slurry (SL) 2.43 198.9 63.92 (1.31) 7.95 (0.54) 11.02b – 3.33 (0.02) 7.69 (0.18) 5.8 7.34 (0.01)

Manure compost (MC) 20.02 284.3 89.52 (3.66) 3.63 (0.41) 11.05b 3.00 (0.07) 0.01 (0.01) 8.04 (0.07) 8.1 8.09 (0.01)

Inputs refer to the amount of fertilizer applied to each microcosm
a Total N refers to the manufacture specifications of 27 % N as ammonium nitrate
b Total N was calculated as the sum of nitrate, ammonium, and Norg

Table 2 Means and standard deviations of physicochemical properties for soil samples from conventional (CT) and reduced tillage (RT) and two soil
depths (0–10, 10–20 cm) before incubation (n = 4)

Soil organic C (g kg−1) Microbial biomass C (mg kg−1) Total N (g kg−1) Microbial biomass N (mg kg−1) pH (H2O)

Treatment Tillagens, depth*** Tillage†, depth*** Tillage***, depth*** Tillage**, depth** Tillage*, depth***

CT, 0–10 cm 26.82 b (0.10) 667.9 b (12.7) 2.87 b (0.05) 62.65 bc (3.42) 7.22 ab (0.09)

CT, 10–20 cm 24.04 c (0.32) 581.8 c (22.2) 2.67 c (0.05) 58.95 c (2.90) 7.24 a (0.03)

RT, 0–10 cm 28.56 a (0.39) 892.0 a (52.7) 3.30 a (0.04) 76.57 a (4.23) 7.10 b (0.02)

RT, 10–20 cm 22.22 d (0.14) 655.5 b (7.6) 2.65 c (0.06) 65.58 b (1.78) 7.22 a (0.01)

Significant differences (ANOVA) within tillage and depth factors are indicated in the headline. Values with different letters are statistically
different at p <0.05 (Tukey test). Level of significance for tillage and depth factors: †p < 0.1, *p < 0.05, **p < 0.001, ***p < 0.0001, ns not
significant
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  Greenhouse gas analysis

Constant temperature conditions during GHG sampling
were assured by a temperature-controlled tray (20 °C) di-
rectly placed at an autosampler (MPS 2XL; Gerstel AG,
Sursee, Switzerland). Microcosm headspaces were gently
fanned and sealed with a lid containing a rubber septum
before sampling. Three gas samples of 5 ml were directly
taken every 20 min and analyzed by gas chromatography
(7890A; Agilent Technologies, Santa Clara, CA). To
avoid a vacuum effect, 5 ml of helium gas was injected
and mixed in the microcosm headspace prior to sampling.
CO2 concentrations were determined with a flame ioniza-
tion detector (FID) and N2O with an electron capture
detector (μECD).

Molecular analysis

DNA extraction of soil samples was performed using Fast
DNA® Spin Kit for Soil (MP Biomedicals, Solon, OH,
USA) according to the instructions given by the manufac-
turer. Quality and quantity of DNA extractions were de-
termined spectrophotometrically (NanoDrop 2000 UV–vis
Spectrometer; Thermo Fisher Scientific, Wilmington, DE,
USA). Yields of extracted DNA ranged from 73.0 to
138.4 ng/μl, and no treatment specific bias was detected.
Functional genes were quantified using SYBR green ap-
proach (Kapa SYBR® Fast qPCR Kit Master Mix (2×)
Universal; Kapa Biosystems, Wilmington, MA) on a
Rotor-Gene Q platform (Rotor-Gene Q; QIAGEN,
Venlo, Netherlands). Master Mix compositions, tempera-
ture profiles, and gene specific primers are listed in
Supplement Table S1 and S2. For qPCR analysis, biolog-
ical triplicates were used, of which each sample was ana-
lyzed twice. Measurement of a sample was repeated when
Ct values differed by more than 0.5. In each qPCR run,
negative controls as well as a serial dilution of plasmids
containing a fragment of the respective target gene were
included. Concentration of standard plasmids was deter-
mined spectrophotometrically (NanoDrop 2000 UV–vis
Spectrometer; Thermo Fisher Scientific, Wilmington,
DE, USA) and gene copy numbers of standard curves
(ranging from 101 to 108 gene copies/μl) were calculated
using molecular weight of the standard plasmids accord-
ing to Behrens et al. (2008). For each gene, a joined stan-
dard curve was constructed with Ct values from the serial
dilution of standard plasmid from six independent qPCR
runs. Efficiencies of qPCR reactions ranged from 88 to
96 % for bacterial amoA (AOB), 91–99 % for archaeal
amoA (AOA), 92–99 % for nosZ, 88–90 % for nirK, 92–
95 % for nirS, and 92–97 % for 16S rRNA gene. R2 was
above 0.999 for all qPCR runs.

Data transformation and statistics

All data preparation and statistical analyses were performed in
R (R Core Team 2013). Gas fluxes were calculated using a
linear model considering the He dilution. Cumulative gas
emissions (μg kg−1) were integrated according to the trapezoidal
integration method Eq. 1:

cumulative flux ¼ Σn
i tiþ1−tið Þ* f i þ f iþ1

� �
=2 ð1Þ

with t = sampling time (h) and f = gas flux (μg kg−1 h−1) and n =
number of sampling dates.

Treatment effects on initial soil and gene data (ANOVA) as
well as linear regressions were assessed with a linear model.
Log-transformed cumulative gas data were assessed with a
linear mixed effect model using the nlme package with micro-
cosm replicates as random effect (Pinheiro et al. 2014). Post
hoc pairwise comparisons (Tukey test) were calculated with
themultcomp package (Hothorn et al. 2008). Linear regressions
of physicochemical and gene time series data with N2O-N
fluxes were calculated with generalized least square models
considering the temporal autocorrelation in a compound sym-
metry correlation structure. Normality and homoscedasticity of
residuals were assessed graphically.

Results and discussion

Effects of tillage system on soil biophysicochemical
parameters

Stratification of soil organic C and N was more pro-
nounced in RT compared to CT (Table 2) in line with
results of a recent meta-analysis (Luo et al. 2010). In
RT, soil organic C and total N contents in the upper soil
layers were 28.5 and 24.5 % higher, respectively, compared to
the lower soil layers. In CT, the increase accounted only for
11.5 and 7.5 %, respectively (Table 2). The overall effect of
tillage systemwas significant for total N but not for soil organic
C content as soil organic C was 6.5 % higher in the upper soil
layer but 7.6 % lower in the lower soil layer in RTcompared to
CT.Microbial biomass showed a significant effect of soil depth
and tillage system with higher concentrations in the upper soil
layer and the RT system. Microbial C and N showed highest
concentrations in the upper soil layer under RT (892.0 and
76.57 mg kg−1) and lowest concentrations in the lower soil
layer under CT (581.8 and 58.95 mg kg−1) (Table 2). While
an increase of microbial biomass in the upper soil layers due to
reduced tillage intensity was regularly reported (Heinze
et al. 2010; Kaurin et al. 2015), a generally increased
microbial biomass under RT, although occasionally ob-
served (Jacobs et al. 2009), seems not to be a normal case
(van Capelle et al. 2012).
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  Soil depth and tillage system affected the abundance of
functional gene markers for nitrification and denitrification
differently. While ammonium oxidizing archaea (AOA) and
ammonium oxidizing bacteria (AOB) were significantly more
abundant under RT and hardly affected by soil depth, the op-
posite was true for most functional gene markers involved in
denitrification. Here, significant effects of soil depth were
found for nirK and typical nosZ but not for nirS abundances
(Table 3). However, it should be noted that the primer pairs we
used for nirK and nirS quantification are limited to alpha-,
beta-, and gamma-proteobacteria and do not cover all phylo-
genetic groups detected by recently established primers (Wei
et al. 2015). Similar to our study, declining abundance of
denitrifiers with the increase of soil depth had been observed
across a variety of agroecosystems (Boz et al. 2013; Marhan
et al. 2011; Melero et al. 2011; Regan et al. 2011). Only abun-
dance of nirK bearing denitrifiers was affected by tillage sys-
tem with 148 and 143 % increased gene copy numbers under
RT in the upper and lower soil layer. This confirms increased
denitrifier abundances as observed elsewhere for no-till
(Baudoin et al. 2009; Melero et al. 2011; Tellez-Rio et al.
2015) and minimum tillage systems (Tellez-Rio et al. 2015).
16S rRNA gene copy numbers were significantly increased
under RT and in the upper soil layers. 16S rRNA gene copy
numbers declined in the order RT 0–10 cm (9.1 × 109) and CT
0–10 cm (7.4 × 109), RT 10–20 cm (6.4 × 109) and CT 10–
20 cm (5.8 × 109) confirming results from microbial biomass
data. Abundances of denitrifiers were highly collinear to 16S
rRNA gene copy numbers and also correlated to soil organic
C contents (Supplementary Table S3). It was shown that AOA
dominate in agriculturally managed soils with AOA/AOB ra-
tios of up to 232 (Leininger et al. 2006). In our study, AOA
also exceeded AOB abundances by more than one order of
magnitude, with mean AOA/AOB ratios of 39 and 8 for CT
and RT, respectively. RT thereby enhanced abundances of
AOA (+65 % in 0–10 cm and +55 % in 10–20 cm) and
AOB (+60 % in 0–10 cm and +38 % in 10–20 cm) compared
to CT. In line with our data, enhanced AOA and AOB abun-
dances in no-till had been observed in a paddy rice system (Li
et al. 2015). We have found no studies on the long-term im-
pact of reduced tillage systems on nitrifying guilds in aerobi-
cally managed agricultural soils. Yet, higher contents of min-
eralizable N in topsoils was frequently reported for NT in
comparison with ploughing systems (Balesdent et al. 2000)
which suggests an enhanced NH4

+ supply and the promotion
of nitrifier abundances.

Impact of fertilizer type on N2O emissions and abundance
of N cycling microbial communities

In our setup, fertilization showed a greater impact on cumula-
tive N2O emissions and N2O fluxes compared to tillage sys-
tem which, however, showed an interactive effect. Discussing T
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  fertilizer impacts on N2O emissions and predominant N-
transforming processes first is therefore a prerequisite to eval-
uate implications of tillage systems later on.

Averaged per fertilizer treatment and highest cumulative
N2O emissions over the 42-day period were observed in
CAN and SL (CAN = 748.8 ± 206.3, SL = 489.4 ±
107.2 μg kg−1) followed by MC (284.2 ± 67.3 μg kg−1) in
contrast to ZERO (29.1 ± 5.9 μg kg−1) (Fig. 1). In a similar
incubation study with 65 % WFPS, the same trend in cumu-
lative N2O emissions (CAN = 2.7, organic cattle slurry = 2.4,
and ZERO= 0.6 mgN2O-N kg−1 soil, 98 days) on a sandy soil
has been found (Velthof et al. 2003). Thus, ammonium addi-
tion inducedmore climate-relevant N2O emissions than nitrate
application under oxic conditions. Additionally, increasing ni-
trate concentrations in all fertilization treatments suggest nitri-
fication to be the predominant N transforming process under
the chosen conditions.

In SL and CAN, N2O fluxes correlated positively to de-
creasing ammonium concentrations and AOB abundances
(Table 4). This highlights ammonium oxidation as controlling

factor for N2O fluxes after addition of ammonium and
confirms the findings of Di et al. (2009) who suggested
AOB rather than AOA to drive ammonium oxidation rates
under ammonium excess. In accordance, Kool et al. (2011)
demonstrated ammonium to be the major source of N2O emis-
sions at 50 and 70 % WFPS through the processes of nitrifi-
cation and nitrifier-denitrification. Both processes likely oc-
curred also in our case althoughwe could not distinguish them
in our setup. In contrast to AOB, AOA abundances correlated
positively to N2O fluxes in ZERO but negatively in SL and
CAN (Table 4). Furthermore, an increased growth of AOA in
SL was detected compared with CAN (Supplement Fig. S1).
This further suggests AOA growth rather to be attributable to
Norg addition, as already proposed by Taylor et al. (2012). For
the abundances of nirK and nirS bearing bacteria, we could
observe few significant relationships with N2O fluxes. Miller
et al. (2009) investigated denitrifier abundances after ap-
plication and could not find significant relationships with
N2O fluxes. Similar to our study, missing relationships
between N2O fluxes and the abundance of denitrifying
communities might be caused by the limited phylogenetic
diversity covered by the used primers (Wei et al. 2015).

After organic fertilization in SL and MC, we observed an
increase in typical nosZ-bearing bacteria that significantly
negatively correlated to N2O fluxes (Table 4). This correlation
indicates that denitrifiers with the genetic potential to reduce
N2O played a major role in determining net N2O fluxes after
organic fertilization. This is most likely linked to increased
availability of C substrates and the formation of anoxic
microsites after organic fertilizer addition by increased soil
respiration (Butterbach-Bahl et al. 2013; Miller et al. 2009).
Significantly elevated CO2 emissions in SL and MC com-
pared with ZERO and CAN add to this interpretation
(Fig. 1). Also, faster declining N2O fluxes in SL compared
to CAN support the hypothesis of increased N2O reduction
due to organic fertilization.

In MC, about 30 mg nitrate-N kg−1 were added to each
microcosm (Table 2). Still, nitrate contents after 1 day of in-
cubation did not significantly rise above initial background
concentrations (28.4 ± 2.4 mgNO3-N kg−1 across all soil sam-
ples, Fig. 2). This suggests instant denitrification or immobi-
lization of manure-derived nitrate in MC despite prevailing
nitrifying conditions. The massive but short-lived N2O peaks
directly after fertilization further hint towards denitrification
as a major N2O-producing process in MC (Fig. 2). Significant
negative correlation of N2O fluxes with changes in nirS and
typical nosZ abundances in MC (Table 5) may represent
growth of respective heterotrophic microorganisms after
N2O emissions terminated and may be associated with the
addition of C-rich material. Generally, N2O produced in the
course of denitrification can exceed those of nitrification by
some orders of magnitude (Braker and Conrad 2011; Canfield
et al. 2010). This might explain highest N2O flux rates in MC

a)

b)

Fig. 1 Cumulative emissions of (a) N2O-N and (b) CO2-C of soil samples
from conventional tillage (CT) and reduced tillage (RT) systems and two soil
depths (0–10, 10–20 cm) after application of demineralized water (ZERO),
calcium ammonium nitrate (CAN), slurry (SL), and manure compost (MC)
during 42 days of incubation. Bars represent means and standard errors (n=
4). Capital letters indicate significant differences between and small letters
within fertilizer treatments (ANOVA, Tukey test, p < 0.05)
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compared to the other fertilization treatments reaching up to
23.8 μg N2O-N kg−1 h−1 in the first hours of incubation.

Whether functional gene quantification can be linked to
process rates is currently debated (Bier et al. 2015; Rocca
et al. 2015). Although relationships between functional gene
abundances and process rates are not straightforward, a recent
meta-study showed that provision of nutrients by fertilization
increased reliability of functional gene analysis as an indicator

for process rates in the agricultural context (Rocca et al. 2015).
By time series regression, we could link N2O fluxes to chang-
es in abundances of AOB after addition of ammonium, while
abundances of typical nosZ-bearing bacteria were significant-
ly correlated to N2O fluxes after the addition of organic fertil-
izers. This shows that fertilizer type not only affects N2O
fluxes but also the abundance of N-transforming microbial
communities.

Table 4 Regressions of gas fluxes with soil biophysicochemical properties during the 42 days of incubation after application of demineralized water
(ZERO), calcium ammonium nitrate (CAN), slurry (SL), and manure compost (MC)

Coefficients (β) and significance levels (F test)

CO2-C N2O-N

Treatment 16S rRNA Ammonium Archaeal amoA (AOA) Bacterial amoA (AOB) nirK nirS nosZ

ZERO 3.9 × 10−8 *** 0.004 ns 1.3 × 10−10 ** 1.5 × 10−9 ns 1.4 × 10−11 ns 6.7 × 10−10 ns 4.2 × 10−11 ns

CAN 2.0 × 10−8 * 1.26 ** −1.9 × 10−8 † 1.9 × 10−7 † −1.0 × 10−8 † −1.8 × 10−7 † −2.4 × 10−8 ns

SL −1.2 × 10−7 *** 1.73 *** −4.0 × 10−9 * 2.6 × 10−7 * −3.2 × 10−9 ns −9.8 × 10−8 ns −3.5 × 10−8 *

MC −4.6 × 10−9 ns 1.58 ns −2.1 × 10−9 ns −2.2 × 10−8 ns 5.6 × 10−9 ns −4.9 × 10−7 ** −9.9 × 10−8 *

Timelines of CO2-C fluxes were correlated with 16S rRNA gene abundances and N2O-N fluxes with soil ammonium concentrations and functional gene
abundances across all soil samples and for each fertilization treatment. The temporal correlation was considered in the generalized least square model.
Level of significance: †p < 0.1, *p < 0.05, **p < 0.001, ***p < 0.0001, ns not significant

a) b) c) d) e)

Fig. 2 Fluxes of N2O-N, soil nitrate (NO3
−-N) and ammonium (NH4

+-
N) contents, CO2-C fluxes, and dissolved organic C (DOC) contents of
soil samples from conventional tillage (CT) and reduced tillage (RT)
systems and two soil depths (0–10, 10–20 cm). Panel (a) shows soil
physicochemical parameters before incubation. Panels (b)–(e) show soil

physicochemical parameters, N2O-N and CO2-C emissions after applica-
tion of demineralized water (ZERO), calcium ammonium nitrate (CAN),
slurry (SL), and manure compost (MC) during 42 days of incubation.
Error bars show the standard error of the mean of each treatment (n = 4)
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Tillage system–induced stratification
in biophysicochemical soil properties affects N2O
emissions in dependency of fertilization strategy

Enhanced soil respiration was observed in the upper compared
to the lower soil layers regardless of fertilizer treatment. An
effect of tillage system was only detected in MC with 24.6–
35.4% higher cumulated CO2 emissions in RTcompared with
CT in the upper and lower soil layers, respectively (Fig. 1).
Cumulative soil respiration was therefore positively correlated
to soil organic C contents (Table 5). Across all fertilization
treatments, dynamics of nitrate concentration as an indicator
of ongoing net nitrification did not differ between soils during
incubation (Fig. 2). Increased nitrifier abundances in RTwere
thus not directly translated into a higher net nitrification. Yet,
average cumulative N2O emissions were 8 % lower in the 0–
10 cm layer and 81 % higher in the 10–20 cm layer of RT
comparedwith CT. This effect was far greatest in CAN and SL
with significantly higher cumulative N2O emissions in the
lower soil layer in RT compared to all other soils (Fig. 1). In
addition, cumulative N2O emissions correlated significantly
with soil organic C contents in the fertilized treatments
(Table 5). This correlation was positive for MC and negative
for CAN and SL. N2O emissions in ZERO were too low to
show a distinct effect. These observations suggest that the
long-term effect of tillage systems on C distribution and mi-
crobial communities within the profile influenced fertilizer-
induced soil respiration and related heterotrophic processes
more than nitrification. Ammonium-derived N2O emissions
were therefore conversely affected rather than nitrate-derived
N2O emissions in our experimental setup.

Positive correlation in MC can be explained by heterotro-
phic activity and denitrification due to fertilizer C addition
besides soil organic C availability and the affiliated higher
abundance of denitrifiers in the respective soil layers. As cu-
mulative N2O emissions cannot be explained by differing re-
sponse of nitrification between soil layers in CAN and SL,

negative correlation with soil organic C is a hint towards an
increased N2O reduction in C- and denitrifier-rich layers. The
prolonged phase of N2O fluxes after ammonium addition in
the lower soil layer in RT also suggests lower N2O reduction.
N2O fluxes thereby lasted 3 days longer in CAN compared
with SL (Fig. 1). Provision of labile C in SL seemed to en-
hance N2O reduction in addition. The fact that the tillage-
induced soil organic C effect on N2O emissions was not en-
tirely masked by the addition of labile fertilizer C emphasizes
the important role of soil organic C onN2O formation. This was
not reported yet for tillage systems but for long-term fertiliza-
tion experiments. For sandy and C-poor soils, no soil organic C
impact on N2O emissions was reported (Jaeger et al. 2013). In
contrast, a long-term fertilization effect was found for silt loam
soils where increased soil organic C contents enhanced denitri-
fication rates, such as in our case (Dambreville et al. 2006; Tatti
et al. 2013). Themarked C effect in our study could therefore be
associated with the high clay content and associated high soil
organic C concentrations (22–28 g kg−1). Clay soils are known
to have a high potential of binding carbon (von Luetzow et al.
2006) whichwasmirrored by a fast soil organic C accumulation
in this soil already after some years of management change
(Gadermaier et al. 2012). Besides the impact of tillage systems
on soil organic C stratification, other specifically tillage-related
biochemical effects could explain the marked differences be-
tween tilled and untilled soil layers. It was shown that tillage
operations disrupt soil aggregates, increasing soil organic mat-
ter accessibility for microorganisms and creating new surfaces
for microbial colonization (von Luetzow et al. 2006;Wiesmeier
et al. 2014). Vogel et al. (2014) found hotspots for microbial
activity to be located at existing colonized organic-mineral
complexes. Tilled soil layers may have therefore provided bet-
ter conditions for denitrifiers and N2O reduction than the un-
tilled lower soil layer in RT. Our experimental setup therefore
offered the opportunity to track the influence of tillage systems
on fertilizer-induced N2O emissions with regard to a range of
microbial and physicochemical soil properties. Under real field
conditions, soil physical conditions like, e.g., constraints in dif-
fusion (Petersen et al. 2008) will additionally regulate microbial
N2O production and reduction.

Conclusions

Our study showed the interactive effect of tillage system im-
pact on soil properties on fertilizer-induced N2O emissions. It
is one of the first studies that detected higher nitrifier abun-
dances in reduced compared to ploughed soils. Soil organic C
and fertilizer C and N species helped explain net N2O emis-
sions within the soil profile, while functional gene abundances
partly explained microbial processes. Nitrification was shown
to be an important driver of N2O emissions in conditions close
to fertilizer field applications. Additionally, indications for

Table 5 Linear regression of cumulative CO2-C (mg kg−1 soil) and
N2O-N (μg kg−1 soil) emissions with initial soil organic C contents
(g kg−1 soil) for each fertilization treatment

Coefficients (β), significance levels (F test) and R2

Treatment CO2-C N2O-N

ZERO 17.9 *** 0.73 2.3 ns 0.17

CAN 7.0 † 0.18 −111.7 * 0.46

SL 23.9 ** 0.56 −65.9 * 0.36

MC 22.5 ** 0.56 36.9 * 0.30

Treatments include the application of demineralized water (ZERO), cal-
cium ammonium nitrate (CAN), slurry (SL), and manure compost (MC).
Level of significance: †p < 0.1, *p < 0.05, **p < 0.001, ***p < 0.0001, ns
not significant
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  increased N2O reduction after organic fertilization and in soil
layers with high soil organic C contents were found. The role
of N2O reduction after organic fertilization requires further
investigation by addressing atypical nosZ-bearing denitrifiers
and quantifying N2 emissions in a stable isotope approach.

Increased N2O emissions in lower soil layers may be com-
pensated through higher N2O reduction in the topsoil of re-
duced tilled systems. Yet, our results suggest that placing am-
monium in lower soil depths may increase N2O production
considerably. Higher N2O emissions have already been ob-
served after injection of slurry into deeper soil layers in the
field (Montes et al. 2013), and there is a need to clarify if
increased availability of N due to decreased NH3 loss or mi-
crobial responses to C availability as seen in our study are the
main drivers.
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Supplement Table S1 Quantitative PCR master mix compositions and thermal profiles for the different 
functional genes  

Target gene Reaction mixture Volume 
[µl] 

Thermal profile Reference 

16S rRNA 

Kapa SYBR®Fast qPCR Kit Master Mix 
(2X) Universal  
 
341F (2 µM)                                                                                  
797R (2 µM) 
PCR water 
 
DNA - template 

5 
 
 

0.4 
1.2 
2.4 

 
1 

95°C – 10 sec 
61.5 – 20 sec 
72°C – 20 sec 

35 cycles 
modified after 
Nadkarni et al. 
(2002) 

archaeal 
amoA 
(AOA) 

Kapa SYBR®Fast qPCR Kit Master Mix 
(2X) Universal  
 
amo19F (5 µM)                                                                                  
CrenamoA616r48x (5 µM) 
PCR water 
 
DNA - template 

5 
 
 

1 
1 
2 
 

1 

95°C – 15 sec 
55°C – 30 sec 
72°C – 30 sec 
 

40 cycles modified after Towe 
et al. (2010) 

bacterial 
amoA 
(AOB) 

Kapa SYBR®Fast qPCR Kit Master Mix 
(2X) Universal  
 
amoA1F (5 µM)                                                                                  
amoA2R (5 µM) 
BSA (10% w/v) 
PCR water 
 
DNA - template 

5 
 
 

0.75 
0.75 
0.4 
2.1 

 
1 

 
95°C – 15 sec 
59.5°C – 30 
sec 
72°C – 30 sec 

 
40 cycles 

modified after Towe 
et al. (2010) 

nirK 

Kapa SYBR®Fast qPCR Kit Master Mix 
(2X) Universal  
 
nirK876 (2 µM)                                                                                  
nirK1040 (2 µM) 
PCR water 
 
DNA - template 

5 
 
 

1 
1 
2 
 

1 

95°C – 10 sec 
62-57°C – 20 
sec 
72°C – 10 sec 
 
95°C – 15 sec 
57°C – 20 sec 
72°C – 10 sec 

 
6 cycles 
 
 
 
35 cycles 
 

modified after Babić 
et al. (2008) 

nirS 

Kapa SYBR®Fast qPCR Kit Master Mix 
(2X) Universal  
 
nirScd3af (5 µM)                                                                                  
R3cd (5 µM) 
PCR water 
BSA 
 
DNA - template 

5 
 
 

1 
1 

1.6 
0.4 

 
1 

95°C – 15 sec 
58°C – 30 sec 
72°C – 15 sec 

40 cycles 
 

modified after Babić 
et al. (2008) 

nosZ 

Kapa SYBR®Fast qPCR Kit Master Mix 
(2X) Universal  
 
nosZ2R (5 µM)                                                                                  
nosZ2F (5 µM) 
PCR water 
 
DNA - template 

5 
 
 

1 
1 
2 
 

1 

95°C – 10 sec 
65-60°C – 20 
sec 
72°C – 15 sec 
 
95°C – 15 sec 
60°C – 15 sec 
72°C – 15 sec 

 
6 cycles 
 
 
 
35 cycles 
 

modified after Babić 
et al. (2008) 
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Supplement Table S2 Primers used for quantitative PCR  

Target gene Primer Sequence 5`- 3` Amplicon 
size (bp) 

Reference 

16S rRNA 341F  
797R 

CCT ACG GGA GGC AGC AG 
GGA CTA CCA GGG TAT CTA 
ATC CTG TT 

466 (Muyzer et al. 1993) 
(Nadkarni et al. 2002) 

archaeal 
amoA 

amo19F 
CrenamoA616r48x 

ATG GTC TGG CTW AGA CG 
GCC ATC CAB CKR TAN GTC CA 628 (Leininger et al. 2006) 

(Schauss et al. 2009) 
bacterial 
amoA 

amoA1F 
amoA2R 

GGG GTT TCT ACT GGT GGT 
CCC CTC KGS AAA GCC TTC 
TTC 

491 (Rotthauwe et al. 
1997) 

nirK nirK876C 
nirK1040 

ATY GGC GGV CAY GGC GA 
GCC TCG ATC AGR TTR TGG TT 162 (Henry et al. 2006) 

nirS nirScd3af 
R3cd 

AAC GYS AAG GAR ACS GG 
GAS TTC GGR TGS GTC TTG A 413 (Kandeler et al. 2006; 

Throbäck et al. 2004) 
nosZ nosZ2F 

nosZ2R 
CGC RAC GGC AAS AAG GTS 
MSS GT 
CAK RTG CAK SGC RTG GCA 
GAA 

267 (Henry et al. 2006) 

 

Supplement Table S3 Pearson correlation coefficients of soil organic C (SOC) contents and functional gene 
abundances across all soil samples before incubation 
 SOC 16S rRNA archaeal amoA bacterial amoA nirK nirS 

16S 0.88      

archaeal amoA -0.37 0.10     

bacterial amoA -0.20 0.29 0.98    

nirK 0.68 0.94 0.42 0.58   

nirS 0.88 0.78 -0.26 -0.11 0.68  

nosZ 0.95 0.73 -0.60 -0.44 0.45 0.68 

 

  



Tillage system affects fertilizer-induced nitrous oxide emissions 

42 

References 

Babić KH, Schauss K, Hai B, Sikora S, Redžepović S, Radl V, Schloter M (2008) Influence of different 
Sinorhizobium meliloti inocula on abundance of genes involved in nitrogen transformations 
in the rhizosphere of alfalfa (Medicago sativa L.) Environmental Microbiology 10:2922-2930 
doi:10.1111/j.1462-2920.2008.01762.x 

Henry S, Bru D, Stres B, Hallet S, Philippot L (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 Appl Environ Microbiol 72:5181-5189 doi:10.1128/aem.00231-06 

Kandeler E, Deiglmayr K, Tscherko D, Bru D, Philippot L (2006) Abundance of narG, nirS, nirK, and 
nosZ Genes of Denitrifying Bacteria during Primary Successions of a Glacier Foreland Appl 
Environ Microbiol 72:5957-5962 doi:10.1128/aem.00439-06 

Leininger S, Urich T, Schloter M, Schwark L, Qi J, Nicol GW, Prosser JI, Schuster SC, Schleper C (2006) 
Archaea predominate among ammonia-oxidizing prokaryotes in soils Nature 442:806-809 
doi:10.1038/nature04983 

Muyzer G, de Waal EC, Uitterlinden AG (1993) Profiling of complex microbial populations by 
denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified 
genes coding for 16S rRNA Appl Environ Microbiol 59:695-700 

Nadkarni MA, Martin FE, Jacques NA, Hunter N (2002) Determination of bacterial load by real-time 
PCR using a broad-range (universal) probe and primers set Microbiology 148:257-266 
doi:10.1099/00221287-148-1-257 

Rotthauwe J, Witzel K, Liesack W (1997) The ammonia monooxygenase structural gene amoA as a 
functional marker: molecular fine-scale analysis of natural ammonia-oxidizing populations 
Appl Environ Microbiol 63:4704-4712 

Schauss K et al. (2009) Dynamics and functional relevance of ammonia-oxidizing archaea in two 
agricultural soils Environmental Microbiology 11:446-456 doi:10.1111/j.1462-
2920.2008.01783.x 

Throbäck IN, Enwall K, Jarvis Å, Hallin S (2004) Reassessing PCR primers targeting nirS, nirK and nosZ 
genes for community surveys of denitrifying bacteria with DGGE FEMS Microbiology Ecology 
49:401-417 doi:10.1016/j.femsec.2004.04.011 

Towe S, Albert A, Kleineidam K, Brankatschk R, Dumig A, Welzl G, Munch JC, Zeyer J, Schloter M 
(2010) Abundance of Microbes Involved in Nitrogen Transformation in the Rhizosphere of 
Leucanthemopsis alpina (L.) Heywood Grown in Soils from Different Sites of the Damma 
Glacier Forefield Microbial Ecology 60:762-770 doi:10.1007/s00248-010-9695-5 

  



Nitrous oxide production and reduction processes in soils as influenced by long-term farming 
systems 

43 

Chapter 2 

 
Nitrous oxide production and reduction 
processes in soils as influenced by long-

term farming systems 
 

Hans-Martin Krause1, Cecile Thonar1, Wolfram Eschenbach2, Reinhard Well2, 
Paul Mäder1, Sebastian Behrens3, Andreas Kappler4, Andreas Gattinger1 

 

 
1 Department of Soil Sciences, Research Institute of Organic Agriculture (FiBL), 5070 Frick, 
Switzerland 

2 Thünen Institute of Climate-Smart Agriculture, Federal Research Institute for Rural Areas Forestry 
and Fisheries, 38116 Braunschweig, Germany 

3 Institute of Soil Science and Land Evaluation, Department of Soil Biology, 3 College of Civil, 
Environmental, and Geo Engineering, University of Minnesota, Minneapolis, MN 55455, USA 

4 Geomicrobiology and Microbial Ecology, Center for Applied Geoscience, University of Tübingen, 
72076 Tübingen, Germany 

 

 

 

Under revision for publication at Soil Biology and Fertility 

  



Nitrous oxide production and reduction processes in soils as influenced by long-term farming 
systems 

44 

Abstract  

N2O is a potent greenhouse gas with an atmospheric lifetime of 114 years which also contributes to 

ozone layer destruction. Mitigating N2O emissions especially challenges the agricultural sector that is 

responsible for the gross of anthropogenic N2O release. In order to develop effective mitigation 

strategies a detailed understanding of drivers for N2O production and reduction in agriculturally 

managed soils is needed. Denitrification is recognized as one of the most important source processes 

for N2O emissions from soils. However, the last step in denitrification, the reduction of N2O to N2 is 

the only known sink for N2O in soil. Although the impact of single parameters on denitrification is 

quite well documented, there is still a knowledge gap when it comes to the impact of complex 

farming systems on N2O production and reduction. In this experiment, we incubated soil samples 

from the DOK long term field trial in Therwil (CH) comparing organic (BIOORG) and conventional 

(CONMIN) farming systems with an a non-fertilized control (NOFERT). Soil samples were incubated 

under 90%WFPS after fertilization with NH4
15NO3 equivalent to a moderate fertilization event in the 

field with 40 kg-N ha-1. In order to assess soil's potential for N2O production and reduction we 

combined direct measurements of denitrification end products N2O and N2 with molecular analysis of 

functional denitrifying communities involved in NO2
- and N2O reduction on DNA and mRNA levels. In 

order to monitor N cycling processes under the chosen conditions stable isotope tracing was 

employed to quantify nitrification and NO3
- consumption rates. Results revealed increased NO3

- 

consumption and highest potential for N2O emissions in BIOORG as a result of increased soil organic 

carbon contents. N2 production was similar in BIOORG and CONMIN and significantly lower in 

NOFERT, most likely due to significantly decreased pH inhibiting N2O reduction. This caused highest 

N2O/(N2O+N2) ratios in NOFERT (0.88 ±0.02) followed by BIOORG (0.790 ±0.01) and CONMIN (0.68 

±0.02). Lowest N2O/(N2O+N2) ratios in CONMIN were reflected by lowest N2O emissions and 

coincided with elevated nosZ transcript copies in the beginning of incubation. Although highest N2O 

emissions in BIOORG were detected the incubation setup cannot directly be translated to field 

condition. Nevertheless, our results emphasize that farming system induced changes on soil 

geochemical parameters like soil pH and soil organic carbon affect microbial N2O production and 

reduction processes during denitrification.    
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Introduction  

Nitrous oxide (N2O) is a major greenhouse gas contributing to radiative forcing of Earth`s climate. It is 

also the most important anthropogenic compound involved in the catalytic breakdown of 

stratospheric ozone (Kanter et al., 2013). Its current atmospheric concentration is 328 ppb and 

mostly due to anthropogenic interventions in the nitrogen cycle, it rises linearly by 0.25% year-1. The 

global warming potential of N2O exceeds that of CO2 298-fold and because of its long atmospheric 

lifetime of 114 years reducing atmospheric N2O concentrations will be a long term issue (Forster et 

al., 2007). Mitigation of  N2O emissions especially challenges the agricultural sector which accounts 

for ~60% of anthropogenic N2O emissions (Syakila and Kroeze, 2011). Within the agricultural sector, 

fertilization is the most important source of N2O emissions (Stern, 2006). The amount and speciation 

of N, added during fertilization directly affects N availability and N2O emissions (Shcherbak et al., 

2014; Stehfest and Bouwman, 2006) and large N2O fluxes often occur directly after fertilization 

events (Gregorich et al., 2005; Thangarajan et al., 2013).  

Different N species can serve as substrates for N2O formation from a variety of N 

transforming processes depending on soil aeration status. Under oxic conditions, NH4
+ serves as 

substrate for nitrification. In this process N2O can be formed as a byproduct via NH2OH oxidation 

(Schreiber et al., 2012). Under oxygen limiting conditions NO3
- reduction leads to N2O formation via 

denitrification. Yet, the separation of nitrification and denitrification as sources for N2O is a 

simplification as a variety of microbial metabolic pathways (e.g. nitrifier-denitrification, co-

denitrification) and abiotic reactions (chemodenitrification, chemical decomposition of NH2OH) can 

form N2O and might even occur within the same soil aggregate (Kool et al., 2011; Butterbach-Bahl et 

al., 2013). The process of denitrification  is of special importance  since it is generally considered as 

one of the most important processes for N2O production  and  the last step in denitrification, the 

reduction of N2O to N2, is the only known biological sink for N2O (Thomson et al., 2012).  

As most N transformation processes in soils are carried out by microbes, a detailed 

understanding of the drivers for the functioning of denitrifying and especially N2O reducing microbial 

communities in agriculturally managed soils is a prerequisite in order to develop effective mitigation 

strategies. It is important to note that denitrification is a modular pathway which involves four 

enzymatic systems in the subsequent reduction of NO3
-, NO2

-, NO and N2O (Tiedje et al., 1982). The 

most widely used genetic marker system targeting denitrification are the functional genes nirK and 

nirS encoding for copper- and heme-bearing NO2
- reductases (Jones et al., 2008). The last step of 

denitrification, the reduction of N2O to N2, is catalyzed by the nitrous oxide reductases encoded by 
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the functional genes nosZ and nosZ-II (Jones et al., 2013). Not all microbes involved in denitrification 

necessarily possess the whole set of denitrifying genes (Graf et al., 2014). Around one third of 

bacteria involved in NO2
- reduction lack the genetic capability for N2O reduction and thus are likely to 

produce N2O as denitrification end product (Philippot et al., 2011). On the contrary, it is reported 

that other microbes bearing the functional genes nosZ and especially nosZ-II lack antecedent 

enzymatic system and thus might act as a sink for N2O (Graf et al., 2014). In the last years there had 

been several studies investigating mechanisms of N2O emissions via gene abundance and/or 

expression with variable results (Chen et al., 2015; Morales et al., 2010; Harter et al., 2014; Miller et 

al., 2008; Dandie et al., 2011; Henderson et al., 2010; Németh et al., 2014). Yet, it needs to be noted 

that most studies lacked quantification of N2 and the process of N2O consumption was not directly 

assessed.  

Due to its high atmospheric background concentrations, quantification of N2 as a 

denitrification end product is extremely challenging (Groffman et al., 2006) and all approaches to 

measure N2 have to deal with inherent drawbacks (Saggar et al., 2013). Recent development of 

simultaneous tracing of 15N in N2O and N2 from the same gas sample has significantly increased the 

efficiency and reliability of 15N tracing experiments (Lewicka-Szczebak et al., 2013). This method is 

especially valuable in the agricultural context, since provision of additional N is an intrinsic part of 

fertilization research. However, ensuring homogenous distribution of added 15N remains challenging 

in 15N tracing experiments (Spott et al., 2006). Quantification of N2 provides valuable information 

about N2O consumption and N2O/(N2O+N2) product ratios are an important measure for soils 

performance as sink for N2O.  The N2O/(N2O+N2) product  ratio can be affected by C and N availability 

(Senbayram et al., 2012) as well as soil pH (Cuhel et al., 2010) and the denitrifying community 

composition (Jones et al., 2014; Philippot et al., 2009). While the impact of single parameters on 

denitrification processes is quite well studied, still there is a knowledge gap when it comes to 

complex farming systems.  

In the last decades organic farming systems gained attention due to positive effects on 

numerous soil quality indicators (Maeder et al., 2002),  soil organic carbon stocks (Gattinger et al., 

2012) and N2O and CH4 fluxes (Skinner et al., 2014). It was also shown that organic farming systems 

increased richness and diversity of microbial community (Hartmann et al., 2014). However, it is 

unclear how the legacy of farming systems affects denitrification and especially N2O reduction. In 

order to assess the impact of farming system on denitrification and N2O/(N2O+N2) product  ratio, we 

performed an incubation trial with soil samples originating from the DOK long term field trial (D: bio-
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dynamic, O: bio-organic, K: german “konventionell” integrated). This field trial compares farming 

systems in place since 1978.  

The object of this study was to assess the effect of farming system induced changes in soil 

geochemical parameters on N cycling under oxygen limited conditions with a special emphasis on 

N2O and N2 emissions. We also aimed at identifying the functional impact of denitrifier gene 

abundance and expression on N2O production and reduction processes.   
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Material and Methods 

Sampling site 

Soils were collected from the DOK system comparison trial in Therwil/BL, Switzerland. Soil sampling 

took place in autumn 2013. Soil type was classified as Haplic Luvisol on deposits of alluvial loess. 

Composite soil samples originated from 4 replicate parcels of BIOORG, CONMIN and NOFERT 

treatments and were collected to a depth of 20 cm. Samples were sieved to 2 mm and stored at 4°C. 

Sampling was done during the 6th crop rotation after cultivation of Zea mays. The previous culture 

consisted of two years cultivation of grass clover. All farming systems are subjected to the same 7 

year crop rotation. Details on the experimental setup of the field trial are described in Fließbach et al. 

(2007). Briefly, BIOORG represents a livestock-based organic farming system with farmyard manure 

fertilization without pesticides and did not receive liming treatment. CONMIN is characterized by a 

livestock-free system comprising mineral fertilization and chemical pest control. This treatment 

received 4.7 t ha CaCO3 in the 4th crop rotation from 1999 to 2005 (Oberholzer et al., 2009). NOFERT 

did not receive any fertilization, pest control or liming treatment. The 5th crop rotation started in 

2006 with maize, followed by winter wheat, soja, potato, winter wheat and two years of grass clover. 

Soil samples were taken after harvest of the first crop in the 6th crop rotation which was maize. In the 

vegetation period before sampling CONMIN received 170 kg N ha-1 in the form of calcium ammonium 

nitrate, while BIOORG received 136 kg N ha-1 as rotted manure and 46 kg N ha-1 in the form of cattle 

slurry.   

Incubation setup 

For each microcosm, the equivalent of 150 g dry soil was placed in 250 ml DURAN wide neck glass 

bottles (Schott AG, Mainz, Germany) and compacted to a bulk density of 1.20±0.02 g/cm3 by tapping 

the glass bottles on a soft surface. After pre-incubation of 7 days at a water filled pore space (WFPS) 

of 50%, an N containing solution equivalent to a moderate fertilization event (40 kg N ha-1 or 11 mg N 

per microcosm) was added in the form of 60at% enriched NH4
15NO3. Deionized and autoclaved water 

was added to adjust to 90% WFPS in order to stimulate denitrifying conditions and enhance 

distribution of added N solution. Swelling properties of the soil samples resulted in a WFPS of 87.5 

±1.5 % with no farming system specific bias. To assure constant conditions, water content was 

checked gravimetrically and corrected every second day by adding evaporated water to each 

microcosm. Microcosms were incubated with open bottles in order to mimic conditions after a heavy 

rain event in the field Each treatment was incubated in triplicates at 20±1.2°C in the dark. In total 63 

microcosms (three treatments times three reps times seven sampling dates) were prepared enabling 
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destructive sampling for geochemical and molecular biological analysis after 0, 2, 5, 8, 11, 14 and 17 

days. After destructive sampling, soil was homogenized and divided into subsamples for subsequent 

analysis. 

Geochemical analyses 

pH, soil organic carbon and total N  

Directly after beginning of the incubation key soil parameters were assessed in triplicates. Soil pH 

was determined in a 1:2.5 (w/v) dilution with demineralized H2O Soil organic carbon (SOC) was 

analyzed by dry combustion (multi N/C2100S + HT1300, Analytik Jena AG, Jena, Germany) and total N 

in soils was determined by combustion (CN Vario Max, Elementar Analysensysteme GmbH, Hanau, 

Germany). 

Mineral nitrogen (Nmin) and water extractable organic carbon (WEOC) 

For determination of NH4
+, NO3

- and WEOC 80 ml of 0.01 M CaCl2 was added to 20 g soil sample and 

shaken for 1 h at 130 rpm (SM-30, Edmund Bühler GmbH, Hechingen Germany). The soil solution was 

filtered through a folded filter (MN619EH, Machery-Nagel, Düren, Germany) and stored at -20°C until 

analysis. Concentrations of NH4
+ and NO3

- were quantified by continuous flow analyses (San Plus, 

Skalar Analytical B.V., Breda, Netherland) while WEOC was determined via TOC Analyzer (multi N/C 

2100S, analyticJena, Jena, Germany). All parameters were quantified at each time point but changes 

in WEOC over time were negligible. Therefore only initial WEOC contents are reported.   

Greenhouse gas fluxes 

Before destructive soil sampling, production of CO2 and N2O were measured after closing each 

microcosm with a gas-tight lid equipped with a rubber septum for up to 40 min. A cooling tray with 

circulatory water flow assured constant temperature (20±0.8°C) of the microcosms during gas 

sampling. Gas samples of 5ml were taken from the headspace of the microcosms and directly 

injected into a gas chromatograph (7890A, Agilent Technologies, Santa Clara, CA) after 0,20 and 40 

minutes by using an autosampler (MPS 2XL, Gerstel, Baltimore, MD). In order to avoid 

underpressure, 5 ml He was injected to the headspace of the microcosm prior to gas sampling. CO2 

and N2O concentrations in gas samples were determined via flame ionization detector (FID) linked to 

a methanizer and electron capture detector (ECD), respectively. Calibration curves for N2O (r2>0.99) 

and CO2 (r2>0.999) were obtained by a threefold analysis of 3 standard gases with 0.308, 2.94 and 90 
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ppm N2O and 300, 2960 and 9000 ppm CO2 before and after each sampling. For flux calculation, a 

linear enrichment of gases in the headspace was assumed. Gas samples for 15N2 and 15N2O analysis 

were taken with a syringe directly before destructive sampling after a prolonged enrichment period 

of 1h and stored in 12.5 ml gas tight vials. 15N2 and 15N2O concentrations in the gas samples were 

quantified via isotope ratio mass spectrometry, as described in Lewicka-Szczebak et al. (2013). Prior 

to analysis, in a part of the sample N2O is frozen in a liquid N trap and which enables the 

quantification of 29R (29N2/28N2) and 30R (30N2/29N2) of N2, N2O and N2O+N2 from the same sample 

(Lewicka-Szczebak et al., 2013). Fraction of NO3
- derived N2O and/or N2 (fp)were calculated according 

to Spott et al. (2006) using eq 1. 

𝑓𝑓𝑝𝑝 =
𝑎𝑎𝑚𝑚 − 𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏
𝑎𝑎𝑝𝑝 − 𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏

                                                                             (𝑒𝑒𝑒𝑒. 1) 

were abgd is the 15N abundance of the atmospheric background, ap is the 15N abundance of the active 

NO3
- pool and am is the 15N abundance of N2 and/or N2O. am and ap were calculated using eq 2 and 3  

 𝑎𝑎𝑚𝑚 =  29𝑅𝑅 + 2 ∗  30𝑅𝑅
2 ( 1 +  29𝑅𝑅 +  30𝑅𝑅)                                                                 (𝑒𝑒𝑒𝑒. 2) 

 𝑎𝑎𝑝𝑝 =  
30𝑥𝑥𝑚𝑚 − 𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑎𝑎𝑚𝑚

𝑎𝑎𝑚𝑚 − 𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏
                                                                   (𝑒𝑒𝑒𝑒. 3) 

In which 39xm is the measure fraction of m/z 30 in N2 and/or converted N2O calculated as 30R 

/(1+29R+30R). 15N enrichment of the active NO3
- pools for N2O and N2 formation are shown in Figure 

S1. The denitrification product ratio was calculated according to eq 4. 

 

𝑝𝑝𝑝𝑝 = 𝑓𝑓𝑁𝑁2𝑂𝑂
𝑓𝑓𝑁𝑁2𝑂𝑂+𝑁𝑁2

                                                                       (𝑒𝑒𝑒𝑒. 4) 

NO3
- derived N2O and N2 fluxes were assessed according to eq 4 and 5.   

𝑁𝑁2𝑂𝑂𝑁𝑁𝑁𝑁3𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝑓𝑓𝑁𝑁2𝑂𝑂 ∗ 𝑁𝑁2𝑂𝑂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓                                           (𝑒𝑒𝑒𝑒. 5) 

 𝑁𝑁2𝑁𝑁𝑁𝑁3𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = (( 1
𝑝𝑝𝑝𝑝) ∗ 𝑁𝑁2𝑂𝑂𝑁𝑁𝑁𝑁3𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) − 𝑁𝑁2𝑂𝑂𝑁𝑁𝑁𝑁3 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓                            (𝑒𝑒𝑒𝑒. )6 
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In which N2O total flux was obtained by flux calculation from GC measurements. Hybrid N2O and N2 

was determined as described in Spott and Stange (2011) , but found irrelevant.    

Isotopic analysis of 15NH4
+ and 15NO3

- and calculation of N transforming processes 

The 15N abundance in NH4
+ and NO3

- was determined according to the procedure described in Stange 

et al. (2007), whereby NO3 was reduced to NO by vanadium chloride (VIIICl3) and NH4
+ was oxidized to 

N2 by sodium hypobromite (BrNaO). The NO and N2 obtained were then analyzed using a quadrupole 

mass spectrometer (GAM 200, InProcess Instruments, Bremen, Germany). The analytical precision 

was determined by repeated measurements of standards (1 at%, 5 at%, 50 at%, 75 at%) and was 

consistently around 1.2%. Gross nitrification and NO3
- consumption rates were assessed using the 

pool dilution approach according to eq.1 and eq.2 provided by Davidson et al. (1991) and Stark 

(2000).  

𝑝𝑝 = ((𝑀𝑀0 −  𝑀𝑀1) / 𝑡𝑡)  ∗    log(𝐻𝐻0𝑀𝑀1/ 𝐻𝐻1𝑀𝑀0)
log(𝑀𝑀0/𝑀𝑀1)                                                          (𝑒𝑒𝑒𝑒. 1) 

𝑐𝑐 = 𝑝𝑝 −   ((𝑀𝑀0 −  𝑀𝑀1) / 𝑡𝑡)                                                                                (𝑒𝑒𝑒𝑒. 2) 

where p and c are the nitrification and NO3
- consumption rates  (mg N kg-1 day-1)rate  M is the 

amount of NO3
--N (mg N kg-1 dry soil), H the 15N atom fraction of NO3

-, subscripts 0 and 1 mark first 

and second time point, respectively. t represents  the incubation interval between first and second 

time point (days). For all calculations a homogeneous distribution of the labeled pool and negligible 

immobilization of the 15N tracer into the organic N pool within incubation intervals were assumed. 

Cumulative values had been quantified by summing the amount of N transformed during all 

incubation intervals.  

Molecular biological analyses 

Subsamples for DNA and RNA extraction were collected and stored at -80°C. DNA and RNA were co-

extracted from 0.5 g soil samples via phenol chloroform extraction as described in Griffiths et al. 

(2010). In order to assess for individual DNA and RNA recovery  rates 2.5010 copies of a linearized 

plasmid (pJET1.2, CloneJET PCR Cloning Kit, Thermo Scientific, Waltham, MA) carrying a fragment of 

cassava mosaic virus (APA9, gene accession Nr. AJ427910) (Thonar et al., 2012) and 2.8510 transcripts 

(MEGAscript® T7 transcription KIT, Invitrogen, Carlsbad, CA) were added to the soil samples before 

bead beating. DNA and RNA concentrations were assessed fluorimetrically with Qubit 2.0 (Qubit 

dsDNA HS Assay Kit and Qubit RNA HS Assay Kit, Invitrogen, Carlsbad, CA, USA) directly after 

extraction. Absolute yield for DNA and RNA ranged from 108.4 to 325.2 ng g dry soil-1 and 22.4 to 
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78.8 ng g dry   soil-1, respectively, without treatment specific bias. Reverse transcription was 

conducted using QuantiTect Reverse Trancription Kit (Qiagen, Venlo, Netherlands) with an integrated 

removal step for genomic DNA. Successful removal of genomic DNA was assured by the performance 

of negative controls without addition of reverse transcriptase. Quantitative PCR of functional genes 

was performed using KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems, Wilmington, MA) and a 

Rotor-Gene-Q (QIAGEN, Venlo, Netherlands). Each 10 µl reaction volume included   ̴1 ng of template 

DNA or cDNA. Primers and thermal protocols used for functional gene quantification are listed in 

Table S1 and S2. Standard curves were constructed by running a serial dilution with concentrations 

ranging from   ̴108 to   ̴102 gene copy numbers per reaction of a plasmid bearing a copy of the 

respective gene. Specifications of vector plasmids and host genes are given in Table S3. 

Concentrations of standards were measured fluorimetrically with Qubit 2.0 (Qubit dsDNA HS Assay 

Kit, Invitrogen, Carlsbad, CA). Efficiencies of qPCR yielded 94-96% for APA9 gene fragment, 86-92% 

for nirK, 89-92% for nirS, 77-82% for nosZ and 82-86 % for nosZ-II assays and specificity of the 

amplification was tested via melt curve and agarose gel analysis. Each reaction was performed in 

analytical duplicates and repeated if Ct values differed more than 0.5. Raw data was analyzed via 

LinReg PCR by assessing enzyme kinetics for each reaction individually (Ramakers et al., 2003). 

Additional to normalization of functional gene abundances per soil g dry weight, DNA and RNA 

recovery rates obtained by APA9 quantification were used to correct functional gene and transcript 

copy numbers. Recovery rates averaged 51.4±12.5% for DNA and 2.3±0.8% for RNA. It needs to be 

noted that the absolute values of gene and especially transcript numbers exceeded reported values 

from other studies, as a consequence of calculation integrating the recovery rate of the internal 

standard. (Snider et al., 2015; Chen et al., 2015; Tatti et al., 2013). 

Statistical analysis 

 For N2O, N2 and CO2 fluxes as well as functional gene and transcript abundances the effects of 

farming system at a specific time point were examined by one way analysis of variance (ANOVA) with 

a post hoc Tukey test using JMP 5.0.1. In the same way time integrated N transformation rates, and 

cumulated N2O and N2 production as well as N2O/(N2O+N2) product ratios were tested for effects of 

farming system. Differences were considered as significant at p<0.05.    
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Results  

Basic soil properties 

Quantification of basic geochemical parameters in soils from different farming systems prior to 

incubation revealed significantly increased SOC content in BIOORG, followed by CONMIN and then 

NOFERT. Initial WEOC did not show any effect of farming system, while pH and total N contents were 

significantly decreased in NOFERT (Table 1). Soil C/N ratio was significantly increased in BIOORG 

compared to NOFERT, while CONMIN did not differ significantly from the other treatments.  

 Table 1: Basic soil properties before incubation. Data shows means and standard errors (n=3). Values not 
connected by the same letter differ significantly at p<0.05 

treatment pH (H2O) WEOC (mg -C kg-1) SOC (g kg-1) Total N (g kg-1) C/N 

BIOORG 6.13  
±0.02 

a 36.00  
±1.60 

a 14.15  
±0.05 

a 1.70  
±0.01 

a 8.33  
±0.01 

a 

CONMIN 6.15  
±0.03 

a 34.09  
±1.75 

a 13.66  
±0.05 

b 1.72  
±0.06 

a 7.94  
±0.25 

ab 

NOFERT 5.54  
±0.04 

b 32.14  
±2.17 

a 11.74  
±0.08 

c 1.65  
±0.03 

b 7.11  
±0.13 

b 

Abbreviations: WEOC – water extractable organic carbon; SOC- soil organic carbon.  

 

CO2, N2O and N2 fluxes 

Across the incubation period cumulated CO2 emissions were significantly enhanced in BIOORG 

compared to CONMIN. Cumulated CO2 emissions in NOFERT did not differ significantly from the 

other farming systems. After addition of NH4
15NO3, the greatest N2O fluxes appeared at 5 days with 

mean N2O emissions of  74.01 ±23.47, 56.91 ±2.90 and 42.79 ±2.84 µg N2O-N kg dry soil-1 h-1 for 

BIOORG, NOFERT and CONMIN, respectively (Figure 1A). Thereafter, N2O emission declined and 

reached stable levels after 11 days. In the last phase of incubation CONMIN showed significantly 

decreased N2O emissions at days 14 and 17 as compared to BIOORG and NOFERT. N2O emissions in 

NOFERT soil emerged slowly and after 2 days of incubation N2O emissions in NOFERT were 

significantly lower compared to CONMIN and BIOORG. From day 8 on, N2O emissions reached similar 

high levels like BIOORG. N2 emissions in NOFERT were detectable after 5 days of incubation but 

remained at constantly low levels throughout the incubation (Figure 1B). In BIOORG and CONMIN, N2 

emissions increased till day 8 and slightly declined thereafter. Highest N2 emissions occurred at the 

end of incubation reaching 24.02±6.40, 24.25±3.35 and 7.44±1.07 µg N2-N kg dry soil-1 h-1 in BIOORG, 

CONMIN and NOFERT, respectively (Figure 1B). N2O/(N2O+N2) product ratio constantly declined in 

BIOORG and CONMIN but remained at high levels throughout the incubation time in NOFERT (Figure 
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1C). At days 2, 8, 11 and 17 the N2O/(N2O+N2) product ratios were significantly higher in BIOORG 

compared to CONMIN meaning that significantly lower portion of N2O was further reduced to N2. 

This resulted in distinct N2O/(N2O+N2) product ratios of cumulated fluxes for the different soils that 

decreased in the order NOFERT, BIOORG to CONMIN (Table 2). Yet, cumulated NO3
- derived N2O 

emissions were the highest for BIOORG (16.18±1.66 mg N2O-N kg-1) followed by NOFERT (13.87±0.46 

mg N2O-N kg-1) and the lowest in CONMIN (9.59±0.15 mg N2O-N kg-1) (Table 2). Interestingly, 

cumulated N2 emissions did not differ between BIOORG and CONMIN but were significantly lower in 

NOFERT (Table 2).      

 

Table 2: Cumulative gas fluxes, measures of denitrification and cumulative N-transforming processes for soil 
samples from conventional (CONMIN) and organic (BIOORG) farming system in comparison with an unfertilized 
control (NOFERT) after 17 days of incubation and fertilization with NH4

15NO3. Data shows means and SE (n=3). 
Values not connected by the same letter differ significantly at p<0.05.  

 BIOORG CONMIN NOFERT 
 gaseous emissions 

CO2-C mg kg-1 61.49   ±4.97 a 49.26   ±3.12 b 53.18   ±5.30 ab 

NO3
- derived N2O-N mg kg-1 16.18   ±1.66 a 9.59     ±0.15  b 13.87    ±0.46 a 

NO3
- derived N2-N mg kg-1 4.41   ±0.41 a 4.81   ±0.41 a 1.95   ±0.33 b 

 measures of denitrification 
N2O/(N2O+N2) 0.79   ±0.01 b 0.67   ±0.02 c 0.88   ±0.02 a 

NO3
- derived N2O emissions (%) 95.01 94.29 95.52 

 N transforming processes 
Gross NO3

- consumption mg-N kg-1 21.00   ±0.24 a 18.44   ±0.24 b 15.33   ±0.37 c 

Nitrification mg-N kg -1 11.31   ±0.07 b 12.02   ±0.06 a 6.22   ±0.02 c 

Cumulative data was obtained by subsequently cumulating means of time weighted process rates calculated for each time 
point. Abbreviations: DNRA – dissimilatory nitrate reduction to ammonium. 

 

N transforming processes 

Generally, NO3
- consumption was the dominating N transforming process in all soils. Across the 

whole incubation period 21.00±0.24 mg of NO3
--N kg-1 was consumed in BIOORG followed by 

CONMIN (18.44±0.24 mg NO3
--N kg-1) and NOFERT (15.33±0.37 mg NO3

--N kg-1) (Table 2). Cumulated 

NO3
- consumption was significantly increased in BIOORG from day 11 on, while cumulated NO3

- 

consumption in NOFERT was significantly lower at day 17 (Figure 2A). For BIOORG and NOFERT the 

sum of cumulated N2 and N2O fluxes (20.59 and 15.82 mg N kg-1, respectively) was in good 

agreement with gross NO3
- consumption, whereas in CONMIN N2+N2O fluxes were significantly lower 
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(14.40 mg N) compared to gross NO3
- consumption (Table 2). Nitrification in CONMIN started slow 

and cumulated nitrification was significantly decreased after 2 days of incubation compared to 

NOFERT and BIOORG. Yet, from day 14 on cumulative nitrification was the highest in CONMIN. 

Significantly decreased cumulated nitrification was observed in NOFERT from day 8 on (Figure 2B).   

 

Figure 1: Panel A shows N2O emissions from incubated soil samples originating from different soil management 
practices (CONMIN- conventional, BIOORG – organic, NOFERT – unfertilized) after fertilization with NH4

15NO3. 
Panel B shows temporal patterns of N2 emission and panel C displays N2O/(N2O+N2) product ratio. Data is only 
shown if all replications resulted in measurable amounts of N2. Small letters indicated significant differences in 
between treatments at a specific time point at p< 0.05. Data points are means ± SD (n=3).   
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Figure 2: Panels A-C show cumulative gross NO3
- consumption, DNRA and nitrification from incubated soil 

samples originating from different soil management practices (CONMIN- conventional, BIOORG – organic, 
NOFERT – unfertilized) after fertilization with NH4

15NO3. Small letters indicated significant differences in 
between treatments at a specific time point at p< 0.05. Data points are means ± SD (n=3).   

 

Gene and transcript abundances of denitrifying genes 

Abundances of functional genes involved in NO2
- reduction (nirK, nirS) did not show strong variations 

within the incubation period and were not influenced by the farming system (Figure 3A and C). Only 

NOFERT showed significantly reduced abundances for nirS gene at day 11 and nirK gene at day 8 and 

11. Generally nirS gene abundance exceeded nirK gene abundance by around one order of 

magnitude. In terms of nirS and nirK gene expression little differences were observed between 

farming systems (Figure 4A and C). Gene expression of both nitrite reductases increased after 

fertilization in the beginning of the incubation. While nirK transcripts increased by almost one order 

of magnitude in CONMIN and NOFERT, increase in nirS transcripts was only 2-3 fold. Gene copy 

numbers of nosZ and nosZ-II were stable during incubation (Figure 3B and D). Significant differences 

between soils were detected for nosZ abundance at day 8 and 11 with the lowest gene abundances 

in NOFERT. NosZ-II gene abundance was the lowest in CONMIN at all sampling points, although this 



Nitrous oxide production and reduction processes in soils as influenced by long-term farming 
systems 

57 

was not significant. Transcription of nosZ-II and especially nosZ fluctuated strongly during incubation 

(Figure 4B and D). Directly after fertilization the transcripts of nosZ increased by almost one order of 

magnitude in all soils and reached a first peak after 2 days of incubation. Thereafter, expression 

declined in all farming systems at day 5 and stayed at stable levels in CONMIN. Significantly increased 

nosZ transcripts in CONMIN could be observed during increasing N2O emissions till day 5. In that 

period N2O emissions and nosZ transcripts correlated negatively with N2O emissions across all soils 

(r2=0.81) (Supplementary Figure S2). NosZ transcripts in NOFERT and BIOORG peaked a second time 

at day 11 and were higher compared to CONMIN although this was significant for BIOORG only. For 

nosZ-II no transcripts were detectable till day 2 in CONMIN and BIOORG and day 5 in NOFERT. 

Afterwards transcripts increased and peaked at day 8 in CONMIN and at day 11 in BIOORG and 

NOFERT (Figure 4B and D). However, no farming system effects were detected for transcripts of 

nosZ-II. 

 

 

Figure 3: Gene copies of nitrite reductases (nirK and nirS, A and C) and nitrous oxide reductases (nosZ and nosZ-
II, B and D) communities in DNA of soil samples originating from different farming system (CONMIN- 
conventional, BIOORG – organic, NOFERT – unfertilized) after fertilization with NH4

15NO3. Letters indicated 
significant differences at a specific time point in between treatments at p< 0.05. Data points are means ± SE 
(n=3).  
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Figure 4: Transcript copies of nitrite reductases (nirK and nirS, A and C) and nitrous oxide reductases (nosZ and 
nosZ-II, B and D) communities in soil samples originating from different farming systems (CONMIN- 
conventional, BIOORG – organic, NOFERT – unfertilized) after fertilization with NH4

15NO3. Letters indicated 
significant differences at a specific time point in between treatments at p< 0.05. Data points are means ± SE 
(n=3). Lacking data point indicate transcript copies below detection limit in two or three replicates. 
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Discussion 

Geochemistry of the microcosms and N transforming processes  

At the beginning of the experiment microcosms were fertilized with 11 mg N as NH4NO3 in 

correspondence to a moderate fertilization event in the field of 40 kg N ha-1. Despite differing 

fertilization history, all soils were treated equally in order to assess long-term impact of farming 

systems on N transformations. Chosen incubation conditions (WFPS of 90%) aimed at favoring 

denitrification, but occurrence of nitrification proved partial availability of oxygen. This was expected 

as incubated soil samples were open to the atmosphere and soil pores were not completely water 

saturated, a situation which can occur in the field after a raining event. During most times of the year 

we would expect soil conditions to be rather oxic and thus nitrification related processes to be the 

major source for N2O emissions. Yet, it was frequently reported that highest N2O emissions in the 

field occur under conditions when low oxygen concentrations in the soil favor reducing processes like 

denitrification (Groffman et al., 2009). Not surprisingly the oxygenation status of the soil was 

reported to be the major control of N2O emission on a regional scale (Jungkunst et al., 2006). As 

distinct SOC contents presented a major distinguishing factor for soils from the different farming 

systems, no additional C was added during fertilization. Constant bacterial abundances as indicated 

by stable 16S rRNA gene numbers indicated limited bacterial growth and suggest C-limiting 

conditions in our setup (Supplementary Figure S3). Nevertheless, significantly increased CO2 

emissions in BIOORG compared to CONMIN demonstrate enhanced heterotrophic activity as a 

consequence of long term organic fertilization and elevated SOC levels (Table 2).  This is in 

agreement with the studies of Hartmann et al. (2014) and Carpenter-Boggs et al. (2000) where 

increased soil microbial activity and/or abundance in organically managed soil had been described.  

Nitrifying bacteria can contribute to N2O emission directly via NH2OH oxidation and nitrifier 

denitrification and indirectly through NO3
- provision for denitrification (Wrage et al., 2001). The 

occurrence of nitrification in our setup was not surprising as NH4
+ oxidation and NO3

- reduction 

processes can co-occur over a wide range of soil moisture conditions (Kool et al., 2011). Although the 

occurrence of nitrification (and possibly nitrifier denitrification) was proven, the contribution of this 

pathway to N2O emission seems negligible as NO3
- derived N2O emissions accounted for ~95% of N2O 

emission in all soils. Similarly, Kool et al. (2011) ascribed ~92% of N2O emissions to denitrification at a 

WFPS of 90%.  

For the calculation of nitrification and NO3
- consumption rates and NO3

- derived N2O and N2 

emissions with the stable isotope approach homogeneous distribution of the added tracer and 
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negligible N recycling within the incubation time must be assumed (Stark, 2000). The latter point was 

addressed by limiting incubation intervals to 72 hours. Nevertheless, our approach might have 

overestimated N transformation rates since we could not account for N immobilization within an 

incubation interval. Although in our case a high WFPS assisted in uniform distribution of the added 

tracer assuring homogenous labeling can only be approximated (Stark, 2000; Stange et al., 2007). 

Good agreement of 15NO3
- and the 15N enrichments of the active NO3

- pool for N2O and N2 formation 

is an indication for homogeneity in 15N labeling (Stevens et al., 1997). While, 15N enrichments in the 

NO3
- and the active NO3

- pool for N2O formation was almost identical, the active NO3
- pool for N2 

formation showed higher 15N signatures (Supplementary Figure S1). This indicates homogeneous 

conditions for N2O formation but increased N2 formation at isolated microsites, e.g. NO3
- derived N2O 

from lower soil was more likely to be further reduced to N2 compared to NO3
- derived N2O from 

shallow soil within our soil microcosm. Similarly, distinct active pools for nitrification were already 

reported during an oxic incubation experiment (Deppe et al., 2017). 

Impact of farming systems on N2O emissions and N2O/N2O+N2 product ratio 

The main goal of this incubation study was to assess the long term impact of farming system on soil’s 

potential to perform N2O production and reduction within the process of denitrification. Generally, 

N2 production was low compared to other studies focusing on denitrification end products. In-situ 

measurements of N2O/(N20+N2) product ratios in a grassland agroecosystems were reported not to 

exceed 0.45 (Baily et al., 2012; McGeough et al., 2012; Friedl et al., 2016). Nevertheless, 

N2O/(N2O+N2) product ratios are known to be largely dependent on the relative availabilities of C and 

NO3
- (Senbayram et al., 2012; Morley and Baggs, 2010; Senbayram et al., 2009) and N2O/(N2O+N2) 

product ratios of up to 0.94 were reported in an incubation experiment under C limiting conditions 

with NO3
- excess (Senbayram et al., 2012). Most likely this was the case in our study where high NO3

- 

concentrations reduced the relative importance of N2O reduction and shifted dominating 

denitrification end product towards N2O (Supplementary Figure S1). It might also be that O2 was 

allowed to penetrate in the soil column inhibiting functionality of the nitrous oxide reductase. 

However, this seems unlikely since addition a recent incubation study observed that N2O reduction 

was not inhibited after addition of low molecular C sources at a WFPS of 90% (Giles et al., 2017) 

In accordance with enhanced NO3
- consumption in BIOORG, other studies demonstrated long 

term addition of farmyard manure to increase denitrification rates (Tatti et al., 2013) as well as N2O 

emissions after NH4NO3 application (Jäger et al., 2013). Yet, quantification of N2 additionally revealed 

N2O reduction to play a key role affecting total N2O budgets. Lowest N2O emissions in CONMIN can`t 

solely be assigned to decreased NO3
- consumption but also to high N2 production. This is reflected by 
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the significantly lowest N2O/(N2O+N2) product ratio at most time points of  sampling and proved 

most efficient reduction of N oxides during the subsequent denitrification steps in CONMIN. There 

are two possible explanations how legacy of farming systems might have affected N2O/(N2O+N2) 

ratios in CONMIN and BIOORG. First, lower SOC levels in CONMIN compared to BIOORG might have 

reinforced C limitation and shifted denitrification end product towards N2. Additionally, it needs to 

be considered that fertilization history of CONMIN is characterized by repeated fertilization with 

NH4NO3 without C addition. Therefore, adaptation of the denitrifying community to reoccurring 

conditions might have led to most efficient use of provided N oxides under C-limiting conditions. 

Latter hypothesis is supported by significantly increased nosZ expression in CONMIN in the beginning 

of incubation.   

It is also known that pH can greatly impact N2O/(N2O+N2) ratios (Cuhel et al., 2010). Most 

likely low pH was the main driver for high N2O/(N2O+N2) ratios in NOFERT. In this farming system 

constant low N2 production was observed, although expression of nosZ and nosZ-II genes was similar 

to BIOORG. The study of Bergaust et al. (2010) showed that acidic conditions below a pH of 6 

impedes correct folding and thus functioning of the nitrous oxide reductase as a posttranscriptional 

effect in Paracoccus denitrificans. Liu et al. (2014) demonstrated that pH-induced dysfunctional 

assembly of the nitrous oxide reductase can affect whole communities. Since NOFERT did not receive 

any liming treatment throughout management history since 1978 pH was significantly lower and 

most likely dropped under the functional threshold that enables correct folding of the N2O reductase. 

Agricultural practice maintaining pH above 6 should therefore be considered as important part of 

climate friendly farming systems. Unlike CONMIN, also BIOORG did not receive liming treatment 

throughout the management of the field trial. Nevertheless the pH stayed constant and the 

functionality of the nitrous oxide reductase was not inhibited. This suggests organic farming systems 

to maintain functionality of N2O reductase more effectively on the long run compared to 

conventional farming systems. Although NO3
- consumption and N2O emissions were enhanced due to 

increased SOC levels in BIOORG in our setup increased N2O fluxes in the field in organic farming 

systems seem unlikely considering the anomalous addition of NO3
- in our setup. In fact, a recent 

meta study showed organic farming systems to decrease area scaled N2O emissions due to lower 

inputs of available N (Skinner et al., 2014).    

Influence of denitrifier abundance and activity on dynamics of N2O emissions 

The approach of predicting microbial processes with functional gene or transcript abundance is 

currently under debate as correlations between process rates and functional gene or transcript 

abundances are often missing (Bier et al., 2015; Rocca et al., 2015). In terms of denitrification, 



Nitrous oxide production and reduction processes in soils as influenced by long-term farming 
systems 

62 

functional gene and transcript abundances had been studied extensively with variable results. While 

there are examples for studies that could successfully link denitrifier gene and/or transcript copies 

with N2O emissions (Harter et al., 2014; Chen et al., 2015; Morales et al., 2010; Tatti et al., 2013), in 

other studies significant relations were missing (Miller et al., 2009; Henderson et al., 2010; Dandie et 

al., 2011). Therefore, experimental conditions need to be evaluated carefully for each experiment 

before comparing molecular data with process rates. In our case, C limitation most likely hampered 

growth of heterotrophic denitrifiers and thus differentiation of functional gene abundance in 

between farming systems was negligible. Consequently, mRNA analysis as a measure for functional 

activity becomes more important when comparing the impact of farming systems on denitrifying 

communities. Expression of nirK and nirS genes was rather stable, while nosZ and nosZ-II 

transcription levels fluctuated throughout the incubation time. This suggests increased susceptibility 

of nosZ and nosZ-II regulation to environmental factors compared to genes involved in nitrite 

reduction. Nevertheless, it needs to be noted that the primers used to quantify nirK and nirS genes 

only detect alpha-, beta and gammaproteobacteria and other phylogenetic groups involved in nitrite 

reduction that were not accounted for in our analysis can significantly contribute to N2O emissions 

(Wei et al., 2015). Still, correlation between nosZ transcripts and N2O emissions before day 5 

(r2=0.81) shows the potential use of mRNA analysis as predictor for N2O emissions during increasing 

N2O emission rates. In our case peak expression of nosZ genes in CONMIN and BIOORG were 

followed by increased N2 emissions indicating functional impact of increased nosZ transcription levels 

in these soils. This is in line with the study of Chen et al. (2015) who found transcript of nosZ to be a 

correlate with N2O reduction in an incubation trial after NO3
- and glucose addition. Similar to other 

studies  abundance and/or expression of functional genes involved in N2O reduction showed higher 

explanatory power for N2O emission compared to genes involved in nitrite reduction (Chen et al., 

2015; Krauss et al., 2016). Still, nosZ transcripts and N2O emissions in our case did not correlate 

throughout the incubation period which emphasizes limited applicability of this approach and shows 

that gene expression can`t necessarily be translated to enzyme activity. Also the fact that soil pH can 

affect N2O reduction at a posttranscriptional level further limits the explanatory power of this 

analysis. Nevertheless, understanding environmental and regulatory factors involved in N2O 

reduction is crucial for the development of effective N2O mitigation strategies. While the expression 

of the denitrification genes is known to be regulated by O2 and the concentrations of NO, NO3
- and 

NO2
- via a variety of different regulatory proteins (Spiro, 2012; Zumft and Kroneck, 2007) the 

regulation of nosZ seems to be decoupled from antecedent denitrifying enzymatic systems (van 

Spanning et al., 2007). For the denitrifying model organism Paracoccus denitrificans a combined 

upregulation of nosZ due to oxygen depletion (via NNR regulatory protein) and NO concentrations 
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(via FnrP regulatory protein) was demonstrated (Bergaust et al., 2012) which could explain distinct 

nosZ transcription peaks in BIOORG and NOFERT. Yet, non-detectable expression of nosZ-II at the 

beginning of incubation further illustrates distinct evolution of nitrous oxide reductases as described 

by Sanford et al. (2012) is also reflected in regulation mechanics. There are several indications that 

these functionally equivalent enzymes are ecologically not redundant. The nosZ-II bearing and 

nitrate-ammonifying microbe Wollinella succinogenes was shown to mediate upregulation of Nap, 

Nrf and Nos genes via nitrosative stress regulator, while lacking the O2 sensing regulatory proteins 

(Torres et al., 2016; Kern and Simon, 2015). A population response to high NO concentrations could 

explain delayed transcription of nosZ-II in our setup and would further stress the importance of nosZ-

II bearing bacteria as sink for N2O as consequence of nitrosative stress regulation. On a DNA level it 

was already shown that nosZ-II dominated microbial communities increase soils N2O sink capacity 

(Jones et al., 2014). In our case, however, farming systems significantly only affected gene expression 

of the typical nosZ gene suggesting differences in N2O reduction to be mainly driven by this 

functional group.   

Conclusions 

In conclusion, we showed that at 90% WFPS increased SOC levels due to organic farming increased 

NO3
- consumption and susceptibility for N2O emissions when NO3

- is available in excess. Furthermore, 

pH seemed to the major determining factor for N2O reduction since a low pH impedes the 

functionality of the nitrous oxide reductase. Therefore maintenance of a high pH seems to be a 

crucial part of climate friendly farming systems. Despite significant differences in between farming 

systems in nosZ transcripts during emerging N2O emissions transcript or gene copy numbers of 

denitrifying genes seem to be a weak predictor for N2O emissions under C limiting conditions. 

Nevertheless, temporal dynamics of nosZ expression stressed the importance of the N2O reducing 

functional communities as a regulator of the N2O sink. 
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Supplement Table S1: Master mixes and temperature protocols used for functional gene quantification 

Target gene Reaction mixture Volumes [µl] Thermal profile Reference 

APA9 Kapa SYBR®Fast qPCR Kit 
Master Mix (2X) Universal  
 
APA9_F (2 µM) 
APA9_R (2 µM) 
 
DNA - template 

5 
 
 

2 
2 
 

1 

 
95°C – 10` 
52°C - 30 ` 

 
35 
cycles 

Modified 
after(Thonar et 
al., 2012)  

nosZ-II Kapa SYBR®Fast qPCR Kit 
Master Mix (2X) Universal  
 
nosZ-II-F (10 µM) 
nosZ-II-R (10 µM) 
DMSO 
PCR water 
 
DNA - template 

5 
 
 

1 
1 

0.4 
1.6 

 
1 

 
 95°C – 15` 
54°C – 30` 
72°C – 30` 
80°C – 10` 

 

40 
cycles 

Modified 
after(Jones et 
al., 2013)  

nosZ Kapa SYBR®Fast qPCR Kit 
Master Mix (2X) Universal  
 
nosZ2R (5 µM)                                                                                  
nosZ2F (5 µM) 
PCR water 
 
DNA - template 

5 
 
 

1 
1 
2 
 

1 

95°C – 10` 
65-60°C – 20` 
80°C – 15` 
 
95°C – 15` 
60°C – 15` 
80°C – 15` 

 
6 cycles 
 
 
 
35 cycles 
 

Modified after 
(Babić et al., 
2008) 

nirS Kapa SYBR®Fast qPCR Kit 
Master Mix (2X) Universal  
 
nirScd3af (5 µM)                                                                                  
R3cd (5 µM) 
PCR water 
BSA 
 
DNA - template 

5 
 
 

1 
1 

1.6 
0.4 

 
1 

95°C – 15` 
58°C – 30` 
80°C – 15` 

40 cycles 
 

Modified after 
(Babić et al., 
2008) 

nirK Kapa SYBR®Fast qPCR Kit 
Master Mix (2X) Universal  
 
nirK876 (2 µM)                                                                                  
nirK1040 (2 µM) 
PCR water 
 
DNA - template 

5 
 
 

1 
1 
2 
 

1 

95°C – 10` 
62-57°C – 20` 
80°C – 10` 
 
95°C – 15` 
57°C – 20` 
80°C – 10` 

 
6 cycles 
 
 
 
35 cycles 
 

Modified 
after(Babić et 
al., 2008)  
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Supplement Table S2. Primers used for quantitative PCR  

Target gene Primer Sequence 5`- 3` Amplicon size (bp) Reference 
APA9 APA9_F 

APA9_R 
GGG GTT TCT ACT GGT GGT 
CCC CTC KGS AAA GCC TTC TTC 80 (Thonar et al., 

2012) 

nosZ-II nosZ-II-F 
nosZ-II-R 

CTI GGI CCI YTK CAY A 
GCI GAR CAR AAI TCB GTR C 690-720 (Jones et al., 

2013)) 

nosZ nosZ2F 
nosZ2R 

CGC RAC GGC AAS AAG GTS MSS GT 
CAK RTG CAK SGC RTG GCA GAA 267 (Henry et al., 

2006) 

nirS nirScd3af 
R3cd 

AAC GYS AAG GAR ACS GG 
GAS TTC GGR TGS GTC TTG A 413 

(Kandeler et al., 
2006; Throbäck et 
al., 2004) 

nirK nirK876C 
nirK1040 

ATY GGC GGV CAY GGC GA 
GCC TCG ATC AGR TTR TGG TT 162 

(Henry et al., 
2006) 

 

Supplement Table S3. Standard plasmid and genes  

Target gene Plasmid Source of standard Size of insert 
APA9 Pjet 1.2 African cassava mosaic virus 945 
nosZ-II pEX-A Gemmatimonas aurantiaca 800 
nosZ pCR4-TOPO Ensifer meliloti 1021 1884 
nirS pCR4-TOPO Ralstonia eutropha H16 1607 
nirK pCR4-TOPO Ensifer meliloti 1021 542 
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Supplement Figure S1 shows changes of N species in concentration and 15N enrichment after fertilization with 
NH4

15NO3. Dynamics in NO3
- and NH4

+ concentrations are shown in panels C and D, while development of 15N 
enrichment is shown in panels E and F. Small letters indicated significant differences in between treatments at 
a specific time point at p< 0.05. Data points are means ± SD (n=3).   

 



Nitrous oxide production and reduction processes in soils as influenced by long-term farming 
systems 

75 

 

Supplement Figure S2 Linear regression of nosZ (a and c) and nosZ+nosZ-II (b and d) transcripts with N2O 
emissions before (a and b) and after (c and d) the N2O emission peak at day 5.  
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Supplement Figure S3: 16S rRNA gene copy numbers in soil samples originating from different farming systems 
(CONMIN- conventional, BIOORG – organic, NOFERT – unfertilized) after fertilization with NH4NO3. Letters 
indicated significant differences at a specific time point in between treatments at p< 0.05. Data points are 
means ± SE (n=3). 
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Contribution of hybrid N2O to total N2O flux was calculated using eq. S1 according to (Spott and 
Florian Stange, 2011) 

𝑒𝑒𝑒𝑒. 𝑆𝑆1          𝐶𝐶 =
 𝑎𝑎𝑁𝑁𝑁𝑁4 ∗ (2 ∗ 30𝑥𝑥𝑚𝑚 + 29𝑥𝑥𝑚𝑚 − 2 ∗ 𝑎𝑎𝑁𝑁𝑁𝑁3) + 𝑎𝑎𝑁𝑁𝑁𝑁3 ∗ ( − 2 ∗  30𝑥𝑥𝑚𝑚 + 29𝑥𝑥𝑚𝑚) − 2 ∗ 30𝑥𝑥𝑚𝑚 

(𝑎𝑎𝑁𝑁𝑁𝑁4 − 𝑎𝑎𝑁𝑁𝑁𝑁3)2  

 

𝑎𝑎𝑁𝑁𝑁𝑁3: measured 15N atom fraction of NO3
- pool 

𝑎𝑎𝑁𝑁𝑁𝑁4: measured 15N atom fraction of NH4
+ pool 

29𝑥𝑥𝑚𝑚: fraction of m/z 29 in N2 and converted N2O as calculated for 30𝑥𝑥𝑚𝑚 in eq.S5 
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ORIGINAL ARTICLE

Linking N2O emissions from biochar-amended soil
to the structure and function of the N-cycling
microbial community

Johannes Harter1,4, Hans-Martin Krause1,4, Stefanie Schuettler1, Reiner Ruser2,
Markus Fromme3, Thomas Scholten3, Andreas Kappler1 and Sebastian Behrens1
1Geomicrobiology and Microbial Ecology, Center for Applied Geosciences, University of Tuebingen,
Tuebingen, Germany; 2Fertilisation and Soil Matter Dynamics, Institute of Crop Science, University of
Hohenheim, Stuttgart, Germany and 3Soil Science and Geomorphology, Department of Geography, University
of Tuebingen, Tuebingen, Germany

Nitrous oxide (N2O) contributes 8% to global greenhouse gas emissions. Agricultural sources
represent about 60% of anthropogenic N2O emissions. Most agricultural N2O emissions are due to
increased fertilizer application. A considerable fraction of nitrogen fertilizers are converted to N2O by
microbiological processes (that is, nitrification and denitrification). Soil amended with biochar
(charcoal created by pyrolysis of biomass) has been demonstrated to increase crop yield, improve
soil quality and affect greenhouse gas emissions, for example, reduce N2O emissions. Despite
several studies on variations in the general microbial community structure due to soil biochar
amendment, hitherto the specific role of the nitrogen cycling microbial community in mitigating soil
N2O emissions has not been subject of systematic investigation. We performed a microcosm
study with a water-saturated soil amended with different amounts (0%, 2% and 10% (w/w)) of
high-temperature biochar. By quantifying the abundance and activity of functional marker genes
of microbial nitrogen fixation (nifH), nitrification (amoA) and denitrification (nirK, nirS and nosZ)
using quantitative PCR we found that biochar addition enhanced microbial nitrous oxide reduction
and increased the abundance of microorganisms capable of N2-fixation. Soil biochar amendment
increased the relative gene and transcript copy numbers of the nosZ-encoded bacterial N2O
reductase, suggesting a mechanistic link to the observed reduction in N2O emissions. Our findings
contribute to a better understanding of the impact of biochar on the nitrogen cycling microbial
community and the consequences of soil biochar amendment for microbial nitrogen transformation
processes and N2O emissions from soil.
The ISME Journal advance online publication, 26 September 2013; doi:10.1038/ismej.2013.160
Subject Category: Geomicrobiology and microbial contributions to geochemical cycles
Keywords: nitrogen cycle; biochar; denitrification; nitrification; nitrous oxide; nosZ; N2O emission;
greenhouse gas; soil microbial community

Introduction

Mankind’s increased combustion of fossil fuels and
demand for nitrogen in agriculture and industry
continuous to impact the global biogeochemical
cycling of nitrogen (Galloway et al., 2008). The loss
of anthropogenic nitrogen to the environment
causes many problems from increasing freshwater
nitrate concentrations to raising nitrous oxide (N2O)
emissions that accelerate global climate change
(Duce et al., 2008). A better understanding of the

structure and functioning of microbial communities
involved in nitrogen transformations (such as nitrifi-
cation, denitrification and nitrogen fixation) is a
prerequisite to potentially counteract effects of
nitrogen pollutions (Jetten, 2008).

Biochar is a carbon-rich solid produced by
pyrolysis of biomass. Pyrolysis is the thermal
decomposition of biomass under limited oxygen
supply (Atkinson et al., 2010). Biochars have a broad
variety of specific physicochemical properties, which
highly depend on feedstock and production tempera-
ture (Sohi et al., 2010; Singh et al., 2010a). Biochar
produced by high-temperature pyrolysis (4550 1C)
possesses a high surface area (4400m2 g�1) and
a highly aromatic carbon structure, which leads to a
high sorption capacity and elevated recalcitrance
toward biodegradation (Joseph et al., 2010; Keiluweit
et al., 2010; Uchimiya et al., 2010). It has been shown
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in several studies that biochar incorporation into soil
can have diverse effects on soil quality, plant growth
and greenhouse gas (GHG) emissions (Chan et al.,
2008; Major et al., 2010; Singh et al., 2010b;
van Zwieten et al., 2010). Biochar application to
arable soil is currently heavily debated in context of
soil carbon sequestration and mitigation of atmo-
spheric CO2 emissions but also as one potential
strategy to reduce the release of other potent GHGs
such as methane and nitrous oxide.

Nitrous oxide acts as a potent greenhouse agent in
the atmosphere and represents a particular environ-
mental problem due to its long atmospheric lifetime
of 114 years. N2O is a key player in atmospheric
chemical processes and represents the major source
of stratospheric NOx, which acts as an ozone-
depleting catalyst (Ravishankara et al., 2009). Soils
and oceans represent the largest sources of N2O
emissions, with anthropogenic sources, such as
agriculture or fossil fuel combustion, accounting
for almost two-thirds of the total emissions (Denman
et al., 2007). The atmospheric N2O concentration of
currently 319ppb has increased by 49ppb since the
beginning of the industrial era (Forster et al., 2007).
The expansion of farm lands and enhanced fertilizer
application are thought to increase emissions by
35–60% by 2030 (Smith et al., 2007). Different
microbial nitrogen-transforming processes contri-
bute to the formation of N2O. Major sources in soils
are microbial nitrification, nitrifier denitrification
and heterotrophic denitrification (Wrage et al.,
2005). Other microbial processes that can lead to
the formation of N2O are heterotrophic nitrification
(Papen et al., 1989; Blagodatsky et al., 2006),
codenitrification (Tanimoto et al., 1992; Kumon
et al., 2002) and dissimilatory nitrate reduction to
ammonia (Smith and Zimmerman, 1981; Bleakley
and Tiedje, 1982; Smith, 1982, 1983). Which micro-
bial N2O formation process dominates is largely
controlled by soil geochemical conditions (Braker
and Conrad, 2011). In temperate, arable soils major
determinants of microbial N2O formation are oxygen
partial pressure, pH, H2S concentration and the
availability and speciation of nitrogen and organic
carbon (Blackmer and Bremner, 1978; Sorensen
et al., 1980; Stevens et al., 1998; Senga et al., 2006;
Wallenstein et al., 2006; Baggs et al., 2010; Cuhel
et al., 2010; Braker and Conrad, 2011; Philippot
et al., 2013).

Nitrification is the two-step oxidation of ammo-
nium (NH4

þ ) to nitrate (NO3
� ) via nitrite (NO2

� ). The
process is carried out by chemolithoautotrophic
ammonia oxidizers and nitrite oxidizers. Ammo-
nia-oxidizing bacteria (AOB) or archaea (AOA)
oxidize NH4

þ /NH3 via the intermediate hydroxyla-
mine (NH2OH) to NO2

� . The key enzyme of this
process is the ammonia monooxygenase encoded by
the gene amoA. During ammonia oxidation, N2O can
be formed by chemical decomposition of NH2OH.
However, levels of produced N2O are usually orders
of magnitude lower (103–106) than those of nitrite

(Arp and Stein, 2003; Treusch et al., 2005;
Robertson, 2007; Canfield et al., 2010; Braker and
Conrad, 2011).

Denitrification is the stepwise reduction of nitrate
or nitrite to N2 via the intermediates NO and N2O. In
contrast to nitrification, N2O is an obligate inter-
mediate of denitrification. During denitrification,
nitrate-reducers reduce nitrate to nitrite, which is
further reduced by nitrite-reducing bacteria to nitric
oxide (NO). The later step is catalyzed by the key
enzyme nitrite reductase encoded by the genes nirS
or nirK. Nitric oxide reducers convert NO to N2O,
which can be the end product of denitrification or be
further reduced to N2 under conditions of complete
denitrification. N2O reduction to N2 is catalyzed by
the enzyme nitrous oxide reductase encoded by the
gene nosZ in N2O-reducing bacteria (Canfield et al.,
2010; Braker and Conrad, 2011). In contrast to the
multiplicity of mechanisms by which N2O can be
formed, N2O reduction to N2 by nitrous oxide-
reducing microorganisms is the only microbial sink
for N2O (Thomson et al., 2012).

Another important process essential to the bio-
geochemical cycling of nitrogen in soils is nitrogen
fixation. Nitrogen fixation counteracts the loss of
gaseous nitrogen to the atmosphere through micro-
bial nitrification and denitrification by constantly
replenishing the bioavailable nitrogen pool through
the fixation of atmospheric N2 into organic nitrogen
(Jetten, 2008). The key enzyme of microbial nitrogen
fixation is the highly oxygen sensitive nitrogenase
encoded by the gene nifH.

Several studies have documented that biochar
induces shifts in the microbial community composi-
tion (Rondon et al., 2007; Steinbeiss et al., 2009;
Anderson et al., 2011; Khodadad et al., 2011; Ducey
et al., 2013), whereas other studies described that
the addition of biochar to soils does affect soil N2O
emissions (Yanai et al., 2007; Singh et al., 2010b;
Taghizadeh-Toosi et al., 2011; Felber et al., 2012;
Cayuela et al., 2013). However, a potential link
between the observed shifts in microbial community
composition and the decreased soil N2O emissions
has not been subject of systematic investigation
so far.

We set up water-saturated soil microcosms with
different amounts (0%, 2% and 10% w/w) of high-
temperature biochar (700 1C). During a 3-month
incubation experiment, we quantified N2O and
CO2 emissions from the soil microcosms and
followed the geochemical parameters NO3

� , NO2
� ,

NH4
þ , dissolved organic carbon (DOC) and pH.

Besides, we determined the abundance of key
functional marker genes involved in microbial
nitrification, denitrification and N2-fixation (amoA,
nirS, nirK, nosZ and nifH) by real-time PCR. The
main objectives of this study were to quantify the
responses of the different nitrogen-transforming
functional microbial groups on soil biochar
amendment and to evaluate whether alterations in
the abundance and activity among the different
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N-cycling functional groups might explain the
reduced N2O formation and release from soil.

Materials and methods

Soil sampling and biochar production
Soil samples from the top 10 cm were collected
at the vineyard ‘‘Mythopia’’ of the Delinat
Institute in Ayent (Switzerland) (4611604.0800N and
7124028.4800E). The soil is characterized as loamy
sand (calcaric leptosol) with B50% (w/w) gravel.
The field moist soil was passed through a 2mm
mesh-size sieve, homogenized using a drill with a
mixing blade and then stored at 4 1C in tightly closed
plastic bags in the dark for less than 5 months. The
biochar used in this study was produced from green
waste via high-temperature pyrolysis (700 1C) by
Swiss Biochar. The biochar was dried at 40 1C and
only the particle size fractions between 1mm and
2mm were used. Soil and biochar physicochemical
properties and elemental composition are summa-
rized in Table 1 and Table S1 in the Supplementary
Information.

Experimental setup
Soil microcosms were set up in 500ml DURAN wide
neck glass bottles (Schott AG, Mainz, Germany)
(Figure S1 in the Supplementary Information). Each
bottle contained 202 g of field-wet soil (dry weight
180 g) or soil-biochar mixture. Three treatments with
different amounts of biochar (0% (control), 2% and
10% (w/w)) were prepared. Two percent (w/w)
biochar was chosen because it represents a common
field application rate of 24 t ha� 1. Ten percent (w/w)
biochar was chosen in order to exaggerate biochar
effects on soil geochemistry and microbiology. Ten
percent (w/w) biochar also resembles the amounts of
char found in terra preta patches (Atkinson et al.,
2010).

The soil-biochar mixture was homogenized using
a spatula and then carefully compacted by tapping
the microcosms on a soft surface. All treatments
were set up in duplicates. The soil microcosms were
incubated open to ambient atmosphere at 28 1C in a
daylight incubator. For soil geochemical and mole-
cular analyses, duplicate soil microcosms of each
treatment (a total of six bottles) were sampled
destructively. Samples were taken right after micro-
cosm setup (day 0) and after 1, 8, 15, 22, 29, 57 and
85 days of incubation. The water-filled pore space
(WFPS) in the soil microcosms was adjusted to 95%
in order to create water-saturated conditions similar
to soil water contents in winter/spring or after a
heavy rainfall. The WFPS of the microcosms was
calculated according to Yanai et al. (2007) using a
particle density of 2.00 g cm� 3 for the biochar and
2.65 g cm� 3 for the soil (Yanai et al., 2007). During
incubation the water content was controlled gravi-
metrically each week and adjusted to the initial
WFPS by adding deionized water with a spray
bottle. At the beginning of the experiment, the soil
microcosms were fertilized with a nutrient solution
containing carbon (555mgkg� 1 as molasses),
nitrogen (250mgkg�1 as NH4NO3), phosphorus
and potassium (150mgkg� 1 and 188mgkg�1 as
KH2PO4). The bulk density of all three soil-biochar
mixtures was determined experimentally after
drying the soil for 72 h at 105 1C. The 10% (w/w)
biochar microcosms had the lowest bulk density
(0.99 g cm�3), followed by bottles with 2% biochar
(1.10 g cm�3) and 0% biochar (1.21 g cm� 3). Before
subsampling for geochemical and molecular biolo-
gical analyses the soil of each microcosm was
transferred into a separate, clean container and
thoroughly homogenized with a spatula.

Geochemical analyses
Soil and biochar elemental composition, particle
size distribution, particle density, surface area, ash
and moisture content, cation exchange capacity,
electrical conductivity and pH were determined
according to protocols of the International Organiza-
tion for Standardization. For details please refer to
the Supplementary Information.

During the microcosm experiment, soil pH was
determined in a 1:5 dilution with deionized water
according to International Organization for Standar-
dization 10390. For the determination of NH4

þ and
NO3

� , the equivalent of 5 g dry soil was mixed with
20ml of 0.5M K2SO4 and shaken for 1 h at 130 r.p.m.
(HS501, IKA, Staufen, Germany) (Singh et al.,
2010b). The soil solution was filtered through
a 150 mm pore size cellulose filter (Whatman,
Maidstone, UK) and the filtrate was again filtered
through a 0.45 mm pore-size syringe filter (Millex-
HA, Merck Millipore, Billerica, MA, USA). The
obtained filtrate was frozen until analysis. The
concentrations of NH4

þ and NO3
� in the filtered

solution were quantified by continuous flow

Table 1 Physicochemical properties of the soil (calcaric leptosol)
and the biochar used in this study

Parameters Soil Biochar

Sand (%) 44.94 ND
Silt (%) 35.37 ND
Clay (%) 19.69 ND
pH (H2O) 8.4 9.8
Ctot (%) 1.87 51.90
Corg (%) 0.91 48.87
Ntotal (%) 0.17 0.59
S (%) 0.04 0.15
C:N 11 88
Particle density (g cm� 3) ND 2.0
Ash content (%) ND 45.7
CEC (mmolc kg

�1) ND 103.4
EC (mSm�1) ND 33.7
Total surface area (m2 g� 1) ND 303

Abbreviations: CEC, cation exchange capacity; EC, electrical
conductivity; ND, not determined.
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analysis (3-QuAAtro, Bran & Lübbe, Nordersted,
Germany). On the basis of the determined NH4

þ and
NO3

� concentrations in the soil extract NH4
þ and

NO3
� concentrations were converted to mg NO3

�/
NH4

þ per kg dry soil according to equation 1 (Eq. 1),
in which V is the volume of extracting agent in L, m
is the amount of dry soil in g and c is the measured
concentration of NH4

þ or NO3
� mg l�1.

C mg
kgdry soil

h i
¼
c mg

L

� �
V L½ �

m g½ � � 1000 ð1Þ

Sample preparation for NO2
� quantification was

carried out as described above for NO3
� /NH4

þ , but
without the second filtration step. In order to
obviate changes in nitrite concentration owing to
freezing and storage, NO2

� concentrations were
analyzed spectrophotometrically directly after the
extraction using a Nitrite-Test Kit (1.14776.0001,
Merck, Darmstadt, Germany) according to manu-
facturer’s instructions. For DOC, quantification
sample preparation was carried out as described for
NO3

�/ NH4
þ but with 40ml 0.5M K2SO4 instead of

20ml. The filtered solution was analyzed using a
HighTOC analyzer (Elementar, Hanau, Germany). Both
NO2

� and DOC concentrations were also converted to
mg per kg dry soil according to Equation 1.

For the determination of trace gas fluxes, the soil
microcosm bottles were closed with a butyl rubber
stopper before sampling. Four headspace gas sam-
ples of 25ml were taken every hour and transferred
into 22.5ml evacuated sample vials using a gas-tight
syringe (1100TLL 100.0ml Gastight, Hamilton,
Reno, NV, USA). To avoid negative pressure in the
soil microcosms, a gasbag filled with N2 was
connected after each sampling, which ensured a
consistent ambient atmospheric pressure. The trace
gas concentrations in the vials were measured using
a gas chromatograph equipped with an electron
capture detector (63Ni-ECD) for N2O and CO2

(Hewlett Packard, 5890 Series II). The gas chromato-
graph setup and configuration have been described
in detail previously (Loftfield et al., 1997). Gas
fluxes were calculated using the slope of the
temporal change in concentration of the closed
bottle according to the equations published in
Ruser et al. (1998).

Molecular biological analyses
In order to quantify the abundance and expression
(reverse transcription) of microbial nitrogen-cycling
functional marker genes, quantitative polymerase
chain reaction (qPCR) was performed. Soil samples
were homogenized and aliquots were stored at
� 20 1C for DNA extraction and at � 80 1C for RNA
extraction. DNA and RNA extractions were carried
out in duplicates for each sample. Total DNA was
extracted from 0.25 g of soil using the PowerSoil
DNA Isolation Kit (MO BIO Laboratories, Carlsbad,
CA, USA) with the following modifications: Bead
Tubes were placed in a 70 1C water bath for 10min,

cooling steps were performed on ice, and before the
elution step, filter tubes were incubated at room
temperature for 5min. DNA concentration and
quality were determined spectrophotometrically
(NanoDrop 1000, Thermo Scientific, Waltham, MA,
USA), fluorometrically (Qubit 2.0 Fluorometer, Life
Technologies, Carlsbad, CA, USA), and by agarose
gel electrophoresis. Total RNA was isolated from
1.5 g of soil using the RNA PowerSoil Total RNA
Isolation Kit (MO BIO Laboratories, Carlsbad, CA,
USA) according to the manufacturer’s protocol. The
concentration of the extracted RNAwas determined
using the Qubit 2.0 Fluorometer (Life Technologies).
DNA extraction efficiencies varied only slightly
between different soil samples (mean DNA yield
5.4±1.7 mg per g dry soil) and did not show any
biochar-related bias. However, total RNA extraction
efficiencies varied significantly between the differ-
ent soil samples (mean RNA yield 0.77±0.6 mg RNA
per g dry soil). Therefore, gene transcript copy
numbers were normalized to nanogram extracted
RNA instead of soil dry weight. DNA digestion was
performed with the Ambion TURBO DNA-free Kit
(Life Technologies) with an extended incubation
time of 45min at 37 1C. In order to assess RNA
integrity, the RNA quality indicator was determined
with the Experion Automated Electrophoresis
Station (Bio-Rad Laboratories, Hercules, CA, USA).
RNA was transcribed into complementary DNA
using the SuperScript III Reverse Transcriptase (Life
Technologies) according to the manufacturer’s
protocol. To test for the absence of residual DNA
contamination in the complementary DNA prepara-
tions, we performed reverse transcription control
reactions lacking reverse transcriptase enzyme. No
PCR amplicons could be obtained from any sample
when reverse transcriptase was omitted from the
reactions.

Quantification of phylogenetic and functional
marker genes (16S rRNA gene (Bacteria), amoA
(Bacteria and Archaea), nifH, nirK, nirS and nosZ)
was carried out using the SsoFast EvaGreen
Supermix (Bio-Rad Laboratories, Hercules, CA,
USA) and gene-specific primers. For details on
plasmid standards, gene-specific qPCR primers,
reaction mixtures and thermal programs, please
refer to Tables S2–S4 in the Supplementary
Information. Each sample was quantified in dupli-
cates using the iCycler iQ Real-Time PCR Detection
System and the iQ 5 Optical System software,
version 2.0 (Bio-Rad laboratories). During qPCR
setup, evaluation and data analysis, we followed
the MIQE guidelines (Bustin et al., 2009). For qPCR
data analysis, the background subtracted raw data
were exported from the iCycler system and analyzed
using the Real-Time PCR Miner software (Zhao and
Fernald, 2005). The algorithm calculates the effi-
ciency (E) and threshold cycle (CT) based on the
kinetics of each individual reaction. The initial
template concentration N (gene copy numbers per
qPCR reaction volume) was then calculated with the
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following equation (Eq. (2)).

N ¼ ð1 þ EÞCT ð2Þ

Calibration curves (log gene copy number per
reaction volume versus log N) were obtained using
serial dilutions of standard plasmids according
to Behrens et al. (2008) (further details on qPCR
assay validation and data analyses are given in Table
S5 in the Supplementary Information). Plasmid
DNA concentrations were quantified using the
Qubit 2.0 Fluorometer (Life Technologies). To verify
the amplification of individual PCR products and
the correct amplicon size, melting curve analysis
and agarose gel electrophoresis were performed.
Gene copy numbers per g dry soil were calculated
according to Behrens et al. (2008). Total bacterial
cell numbers per g dry soil were calculated from the
qPCR 16S rRNA gene copy numbers considering the
average bacterial rRNA operon number (4.2) as
derived from the Ribosomal RNA Operon Copy
Number Database (http://rrndb.mmg.msu.edu/
index.php) (Klappenbach et al., 2001). Transcript
copy numbers were normalized to nanogram RNA.

Statistical analyses
In order to identify statistically significant biochar
effects, a univariate analysis of variance (ANOVA)
with the ‘least significant difference’ post hoc test
(Po0.05) was performed using the IBM SPSS
Statistics 20 software package (IBM, Armonk, NY,
USA). The statistical analysis was performed for
each time point of sampling and for each measured
parameter (geochemical and molecular). Using a
univariate ANOVA, all concentration or copy num-
ber values from the control (no biochar) were
individually compared with the two biochar-con-
taining soil microcosms (2% (w/w) biochar and 10%
biochar) in order to reveal differences between the
control and the biochar microcosms that were
statistically significant. In the provided graphs,
significant differences between biochar-amended
and control microcosms are indicated by lower case
characters above the corresponding data points as
specified in the legend of each figure.

Results

In order to provide a better overview of the data, we
only show the data of the control microcosms
without biochar and the 10% (w/w) biochar
microcosms here. Results of the 2% (w/w) biochar-
amended microcosms in comparison with the con-
trol microcosms are given in the Supplementary
Information (Supplementary Figures S2, S3). In
general, the 2% and 10% biochar microcosms
behaved similarly with sometimes slightly more
pronounced variances and trends in comparison
with the control microcosm observable for the 10%
biochar microcosms. The 2% biochar data will

explicitly be mentioned when the data with respect
to a ‘biochar effect’ were significantly different from
the 10% biochar microcosms. P-values, otherwise
explicitly stated, are given for the comparison of the
control vs the 10% biochar microcosms.

Soil microcosm geochemical parameters
pH values were close to neutral in all microcosms
and slightly increased during incubation. In the
control microcosms, the pH increased from 7.2 to
7.9 and in the biochar-containing microcosms from
pH 7.5 to 8.2. Overall soil pH values were signifi-
cantly higher in microcosms amended with biochar
than in the control microcosms over the whole
course of the experiment.

We added 250mgkg�1 dry soil NH4NO3 to each
microcosm at the beginning of the experiment. The
amount of added NH4NO3 corresponds to 90 kg
nitrogen ha�1, which is a common agricultural field
application rate (Singh et al., 2010b). Within the first
8 days, NO3

� concentrations decreased rapidly
from 127.4±2.6mgkg�1 dry soil (control) and
113.6±15.8mgkg�1 dry soil (10% (w/w) biochar)
to 1.2±0.06mgkg�1 dry soil and 2.7±0.02mgkg�1

dry soil, respectively (Figure 1a). From day
8 to day 85, nitrate concentrations stayed
below 3.7±0.3mgkg�1 dry soil in all treatments
(Figure 1a). Only at day 1, nitrate concentrations
were significantly lower (P¼ 0.002) in the 10%
biochar microcosms compared with the control
microcosm (Figure 1a), whereas from day 8 to day
85, nitrate concentrations were always slightly
higher (Po0.038) in the 10% biochar microcosms
than in the control microcosms.

Compared with the nitrate concentrations,
ammonia concentrations decreased more slowly
but constantly with time reaching concentra-
tions of 7.7±1.0 (control) and 12.5±0.3 (10%
biochar) mg kg� 1 dry soil at day 85 (Figure 1a). Only
at day 8, ammonia concentrations were significantly
lower in the 10% biochar microcosms (P¼ 0.014),
whereas from day 29 to day 85 they were signifi-
cantly higher in the 10% biochar microcosms
compared with the control microcosms (Po0.029)
(Figure 1a).

Nitrite concentrations were highest at day 1
in the biochar and in the control microcosms
(37.7±2.7mgkg� 1 dry soil and 52.4±2.1mgkg�1

dry soil, respectively) (Figure 1b). ANOVA revealed
that the higher nitrite concentrations in the
control compared with the biochar microcosms
at day 1 were statistically significant (P¼ 0.016)
(Figure 1b). Corresponding to the nitrate and the
nitrite data, the highest N2O fluxes were recorded
during the first week (until day 8) in all three
treatments (control, 2%, and 10% biochar). At day 1,
N2O fluxes were significantly higher in the control
microcosms without biochar (5631±766 mg N2O-
Nm� 2 h�1) compared with the biochar-containing
microcosms (175±116mg N2O-Nm� 2 h�1 in the 10%
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biochar-containing and 2969±554mg N2O-Nm� 2 h�1

in the 2% biochar-containing microcosms) (P¼ 0.002
and 0.017, respectively) (Figure 1b and Supplementary
Figure S2b). After day 1, N2O fluxes decreased
strongly to o500mg N2O-Nm�2 h�1 at day 8 and
o50mg N2O-Nm�2 h� 1 from day 15 to day 85 in all
three treatments (Figure 1b and Supplementary
Figure S2b).

Initial DOC concentrations resembled the amount
of DOC added in form of molasses at the beginning
of the experiment (555mgkg� 1 dry soil). DOC
concentrations decreased rapidly within the first
week in all setups leveling off at an average
concentration of 119.6±22.0mg kg�1 dry soil at
day 8 (Figure 1c). As can be seen in Figure 1c, the

10% biochar-containing microcosms showed signif-
icantly lower DOC concentrations compared with
the control at day 1 (P¼ 0.018) and between day 29
and day 57 (Po0.023).

CO2 fluxes decreased from 57.2±21.5mgm�2 h�1

to 12.6±4.0mgm� 2 h�1 during the first day of
incubation in the 10% biochar microcosms
(Figure 1c). Initial CO2 fluxes in the control micro-
cosm were lower than in the biochar microcosms
(27.6±7.0mgm�2 h� 1) and further decreased to
9.8±0.5mgm�2 h� 1 after day 22 (Figure 1c).
However, according to the ANOVA, CO2 fluxes
showed no significant differences between bio-
char-containing and control microcosms throughout
the whole course of the experiment (Figure 1c)

Figure 1 Change in nitrogen (a, b) and carbon (c) geochemical parameters in the control and 10% (w/w) biochar-containing soil
microcosms over time. Panels a, b show changes in the concentrations of nitrate, nitrite, ammonium and nitrous oxide, whereas panel c
shows the DOC and carbon dioxide data. The small inserted graphs show a magnified view of the data for the first 8 days. Open symbols
with dashed lines represent data of the control microcosms without biochar. Filled symbols with solid lines represent data of the soil
microcosms with 10% (w/w) biochar. Statistically significant differences (univariate ANOVA, post hoc: least significant difference)
between control and 10% (w/w) biochar microcosms at a certain time point are indicated by lower-case letters above the individual data
points (a¼NO3

� , b¼NH4
þ , c¼N2O, d¼NO2

� , e¼DOC, f¼CO2).
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except for day 15 when significantly higher CO2

emissions from the control microcosms were mea-
sured (P¼ 0.039).

Abundance of 16S rRNA and N-cycling functional
marker genes
As shown in Figure 2a, total bacterial abundance
increased temporarily during the beginning of the
experiment reaching a maximum of 2.8� 1010 gene
copies per g dry soil at day 8. Afterwards, bacterial
16S rRNA gene copy numbers slowly returned to
initial values of 5.5� 109 gene copies per g dry soil.

The statistical analysis revealed no significant
differences between control and biochar-containing
soil microcosms with respect to total bacterial 16S
rRNA gene copy numbers.

The abundance of bacteria capable of fixing
nitrogen was determined by quantification of nifH
gene copy numbers. In accordance to 16S rRNA gene
copy numbers, nifH gene copy numbers increased
rapidly within the first 8 days reaching a maximum
of 1.7� 1010 gene copies per g dry soil (Figure 2a) at
day 8. Between day 8 and day 29, nifH gene copies
slightly fluctuated before they remained quite
constant from day 29 to 85 reaching final gene

Figure 2 Gene copy numbers per gram dry soil over time for various key genes of microbial nitrogen transformation processes in the
control and 10% (w/w) biochar-containing microcosms. Panel a shows changes in total bacterial 16S rRNA and nifH gene copy numbers. In
panel b, archaeal and bacterial amoA gene copy numbers are shown. Panel c summarizes the gene copy data for nirS, nirK and nosZ. The
small inserted graphs show a magnified view of the data for the first 8 days. Note that the y axes of the inserted graphs in panels a, b and c
have a slightly different scale from the corresponding overview graphs. Open symbols with dashed lines represent data measured in the
control microcosms without biochar. Filled symbols with solid lines represent data of the soil microcosms with 10% (w/w) biochar.
Statistically significant differences (univariate ANOVA, post hoc: least significant difference) between control and 10% (w/w) biochar
microcosms at a certain time point are indicated by lower-case letters above the individual data points (a¼nifH, b¼nosZ and c¼nirS).
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counts close to the total copy number of bacterial
16S rRNA genes (control microcosms: 5.8� 109 gene
copies per g dry soil; 10% (w/w) biochar-containing
microcosms: 6.1� 109 gene copies per g dry soil;
2% biochar-containing microcosms: 6.8� 109 gene
copies per g dry soil) (Figure 2a and Supplementary
Figure S3a). Over the whole incubation period, nifH
gene copy numbers were consistently higher in the
biochar-containing microcosms compared with the
control microcosms with significantly higher values
at day 1 (P¼ 0.031), 8 (P¼ 0.018) and 22 (P¼ 0.031)
(Figure 2a).

The abundance of AOA and AOB was quantified
by determining archaeal and bacterial amoA gene
copy numbers. Archaeal amoA gene copies fluctu-
ated within the first month between 4.3� 107 and
8.6� 107 gene copies per g dry soil in the control
and the 10% biochar-containing microcosms. From
day 22 to day 85, archaeal amoA gene copies
increased from 6.8� 107 to 1.1� 108 gene copies
per g dry soil in the control microcosms and from
5.0� 107 to 7.6� 107 gene copies per g dry soil in the
10% biochar microcosms (Figure 2b). Bacterial
amoA gene copies increased from 3.8� 107 to
1.1� 108 gene copies per g dry soil at day 8 in the
control microcosms and from 4.2� 107 to 1.4� 108

gene copies per g dry soil at day 15 in the 10%
biochar microcosms. After the initial increase,
bacterial amoA gene copies decreased toward the
end of the incubation period (day 85) in both control
and biochar microcosms reaching 3.2� 107 and
3.1� 107 gene copies per g dry soil, respectively
(Figure 2b). ANOVA revealed no significant differ-
ences between control and biochar-amended micro-
cosms (2% and 10% biochar) for the archaeal and
bacterial amoA gene data.

Nitrite-reducing bacteria were quantified by deter-
mining the copy numbers of nirS and nirK per g dry
soil in each microcosm. As shown in Figure 2c,
initial nirS gene copy numbers were two orders of
magnitude lower (3.0� 106) than nirK gene copy
numbers (2.0� 108); however, over the course of the
experiment, nirS and nirK gene copy numbers
approximated. nirK gene copy numbers decreased,
whereas nirS gene copy numbers increased. After 85
days, nirS gene copy numbers even outnumbered
nirK gene copy numbers, as nirS increased to
4.4� 107 gene copies per g dry soil and nirK
decreased to 2.8� 107 gene copies per g dry soil
(Figure 2c).

Differences between the biochar and the control
microcosms with respect to nitrite-reductase gene
copy numbers were most of the time not significant
based on ANOVA. Only at day 57, nirS gene copy
numbers were significantly higher in the control
microcosms than in the 10% (w/w) biochar-containing
microcosms (P¼ 0.0009) (Figure 2c).

The abundance of nitrous oxide-reducing bacteria
was followed by quantifying nosZ gene copy
numbers. nosZ gene copy numbers initially
increased from 1.4� 107 to 9.3� 107 gene copies

per g dry soil (control microcosms) and from
1.8� 107 to 2.4� 108 gene copies per g dry soil
(10% biochar) toward day 8. Thereafter, nosZ gene
copy numbers decreased and reached 2.8� 107 gene
copies per g dry soil in the control microcosms and
2.5� 107 gene copies per g dry soil in the 10%
biochar-containing microcosms at the end of the
experiment (Figure 2c). Significantly higher nosZ
gene copy numbers in biochar-containing compared
to control microcosms were quantified at day 15
(P¼ 0.042) (Figure 2c).

Functional gene ratios and nosZ gene transcript
abundance
As shown in Figure 3a, the ratio of nosZ gene
copies over the sum of nirS and nirK gene copies
(nosZ/(nirSþnirK)) was strongly affected by biochar
addition and was always higher in the biochar-
containing microcosms compared with the control
microcosms throughout the entire experiment.
A nosZ/(nirSþnirK) ratio of 1 means equal copy
numbers of nitrite and nitrous oxide reductase genes
per g dry soil. In the biochar-containing microcosms,
the ratio reached 1 at day 8 shortly after the greatest
differences in N2O emissions between the control
and biochar-containing microcosms have been
quantified (P¼ 0.002) (Figure 3a). Statistical analy-
sis confirmed significantly higher nosZ/(nirSþnirK)
ratios in the 10% (w/w) biochar-containing micro-
cosms compared with the control microcosms at day 1,
(P¼ 0.023), 8 (P¼ 0.044) and at day 57 (P¼ 0.013)
(Figure 3a).

As shown in Figure 3b, the ratio of archaeal amoA
gene copies over bacterial amoA gene copies only
slightly changed between day 1 and day 29 (values
from 0.5 to 1.5). After day 29, the AOA/AOB ratio
increased to 2.8 and 3.8 in biochar-containing and
control microcosms, respectively, independent of
biochar addition (Figure 3b).

The relative abundance of nifH gene copies (nifH
gene copies over bacterial 16S rRNA gene copies)
increased in the control microcosms from 2.5±0.4%
to 94.2±7.5% at day 85 (Figure 3c). In the 10%
biochar-containing microcosms, the relative abun-
dance of nifH gene copies increased from 2.7±0.6%
to 90.8±4.8% at day 57 (Figure 3c). Until day 85 the
relative abundance of nifH gene copies then
decreased to 71.8±2.9% in the 10% biochar-
containing microcosms. Significantly higher nifH/
16S rRNA gene ratios in biochar-containing micro-
cosms compared with the control microcosms were
statistically confirmed for day 1, 8, 15, 22 and day 85
(Po0.043) (Figure 3c).

As shown in Figure 4, the number of nosZ gene
transcripts was about sixfold higher in the 10%
biochar microcosms compared with the control
microcosms at day 1. Gene transcript copy numbers
were strongly affected by biochar addition
and increased from 1.1� 104 to 1.8� 104 nosZ
gene transcripts per ng RNA in the 10%
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biochar-containing microcosms between day 0 and
day 1 (Figure 4). In contrast, in the control micro-
cosms without biochar nosZ gene transcripts per ng
RNA decreased from 0.7� 104 to 0.3� 104 in the
same period, what resulted in significantly higher
nosZ transcript copy numbers in the 10% biochar-
containing microcosms compared with the control
microcosms at day 1 (P¼ 0.03). Notably, N2O
emissions were inversely correlated to the nosZ
transcript copy numbers (highest in the control
microcosms and significantly lower in the

biochar-containing microcosms (P¼ 0.002)) at day 1
(Figure 1b, Supplementary Figure S2b).

Discussion

Geochemistry of the microcosms
At the beginning of the experiments all soil
microcosms were amended with NH4NO3, KH2PO4,
and molasses at typical field application rates
(N: 90 kgha� 1, P: 50 kgha�1, K: 63 kgha� 1) in order

Figure 3 Changes in gene ratios or relative gene abundances plotted together with selected geochemical parameters of the control and
10% (w/w) biochar-containing soil microcosms over time. Panel a shows N2O emissions in comparison with the ratio of nosZ over the
sum of nirS and nirK gene copy numbers (nosZ/(nirSþnirK)). In panel b, ammonium concentrations are plotted together with the ratio of
AOA over AOB (AOA/AOB ratio) as calculated from the bacterial and archaeal amoA gene copies numbers. Panel c shows ammonium
concentrations and the relative abundance of nifH genes over total bacterial 16S rRNA genes. The small inserted graphs show a magnified
view of the data for the first 8 days. Note that the y axes of the inserted graphs in panels b and c have a slightly different scale from the
corresponding overview graphs. Open symbols with dashed lines represent data measured in the control microcosms without biochar.
Filled symbols with solid lines represent data of the soil microcosms with 10% (w/w) biochar. Statistically significant differences
(univariate ANOVA, post hoc: least significant difference) between control and 10% (w/w) biochar microcosms at a certain time point are
indicated by lower-case characters above the individual data points (a¼nosZ/(nirSþnirK), b¼N2O, c¼NH4

þ and d¼nifH/bacterial 16S
rRNA genes).
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to simulate a fertilization event and prevent carbon
limitation (Singh et al., 2010b). Because our soil
microcosms were plant-free and the soil contained
little plant material, we added molasses as a carbon
source to create a situation when larger quantities of
plant-derived carbon become available, for example,
after a cut or heavy rainfall (Felber et al., 2012).

The observed rapid decrease in DOC in all
microcosms corresponded to the quantified CO2

formation rates at the beginning of incubation
suggesting that in general biochar addition did
not impair carbon-based microbial respiration
(Figure 1c). Furthermore, the decrease in DOC
within the first week until day 8 correlated well to
the increase in total bacterial 16S rRNA gene copy
numbers in all microcosms (R2¼ 0.79) (Figures 1c,
2a), indicating that the oxidation of readily available
organic carbon stimulated microbial growth in the
soil microcosms.

The succession of NH4
þ and NO3

� concentrations
in the soil microcosms confirmed the expected
predominance of anoxic conditions in the water-
saturated soil microcosms (WFPS 95%). Rapidly
decreasing NO3

� concentrations suggests that deni-
trification prevailed under these conditions
(Figure 1a). Evidence for the occurrence of NO3

�

reduction was also provided by the intermittent
accumulation of NO2

� within the first week
(Figure 1b) (Lam and Kuypers, 2011). Slowly
decreasing NH4

þ concentrations could either be
due to NH4

þ assimilation or due to low levels of
either aerobic or anaerobic ammonia oxidation
caused by oxygen diffusion into the top layers of
the soil microcosms or by oxidation of NH4

þ with
NO2

� or an alternative electron acceptor such as
iron (Lam and Kuypers, 2011; Yang et al., 2012).

N2O emissions from soil were highest at day 1 and
hence most likely a direct consequence of the initial
fertilizer application and soil moisture adjustment
(Figure 1b). As NH4

þ , NO3
� and DOC concentrations

decreased N2O fluxes declined in all microcosms
because electron donors and acceptors for microbial
N2O formation became limiting. The significantly
lower N2O emissions from biochar-containing
microcosms observed within the first week
(Figure 1b, Supplementary Figure S2b) agree with
the findings of several recently published field- and
laboratory-based studies using different biochars
and soils (Yanai et al., 2007; Singh et al., 2010b;
van Zwieten et al., 2010; Taghizadeh-Toosi et al.,
2011; Wang et al., 2011b; Augustenborg et al., 2012;
Wang et al., 2012; Zheng et al., 2012; Zhang et al.,
2012a, b). According to these studies, the most
important environmental factors responsible for the
reduced N2O emissions from biochar-amended soil
were: (i) limited bioavailability of electron donors
and acceptors (DOC, NO3

� and NH4
þ ) for microbial

nitrification and denitrification due to sorption/
immobilization onto biochar particles (Singh et al.,
2010b; Taghizadeh-Toosi et al., 2011; Wang et al.,
2011a); (ii) improved soil aeration through biochar
addition and consequently reduced denitrification
(Yanai et al., 2007; van Zwieten et al., 2010;
Augustenborg et al., 2012; Zhang et al., 2012b);
and (iii) increased activity of N2O-reducing bacteria
due to an elevated soil pH caused by biochar
addition (van Zwieten et al., 2010; Zheng et al.,
2012).

16S rRNA and N-cycling functional marker genes

Ammonia oxidation. In accordance with Ducey
et al. (2013), no significant correlation between the
abundance of AOA and AOB and soil biochar
amendment was found in this study (Figure 2b).
However, independent of the amount of biochar
added the AOA/AOB gene ratio increased over time
in all microcosms (Figure 3b).

N2 fixation. Soil biochar amendment alters several
environmental parameters known to affect the
abundance and activity of N2-fixing bacteria, such
as oxygen availability, pH, C:N ratio and nitrogen
availability (Reed et al., 2007; Hsu and Buckley,
2008; Atkinson et al., 2010; Singh et al., 2010a). It is
therefore most likely that the interplay of multiple of
these parameters might be responsible for the
elevated nifH gene copy numbers in the biochar-
containing microcosms (Figure 2a). The biochar-
containing microcosms had a slightly elevated pH
(p 0.3 pH units) and slightly lower concentrations
of K2SO4-extractable NO3

� and NH4
þ (statistically

significant only at individual time points) compared
with the control microcosms.

Cusack et al. (2009) found a positive correlation
between biological nitrogen fixation and forest soil
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biochar during the initial 15 days of incubation. Gray bars
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C:N ratio in tropical and lower montane rainforests.
Even though high-temperature pyrolysis biochar is
highly stable and mostly recalcitrant toward micro-
bial degradation (Joseph et al., 2010) many soil
microorganisms are capable of degrading aromatic
carbon structures when other more readily available
carbon sources become limiting. The biochar used
in this study had a C:N ratio of 88, whereas the C:N
ratio of the soil was 11 (Table 1). Assimilation and
biomass synthesis from biochar-carbon therefore
required an additional source of nitrogen what
might favor microorganisms capable of nitrogen
fixation when alternative organic and inorganic
nitrogen sources became limiting or non-bioavailable
with time.

Denitrification. Net N2O formation and release
from soils have been shown to be strongly linked
to the abundance and activity of N2O-reducing
bacteria as the only biotic sink of N2O in the
environment (Thomson et al., 2012). Philippot
et al. (2011) showed that one-third of all denitrifiers,
defined as nirS- or nirK-containing microorganisms
(Jones et al., 2008), lack the genetic potential for
N2O reduction and thus are major contributors to
microbial N2O production (Philippot et al., 2011).
Our data suggest that the addition of biochar
changed the denitrifier microbial community
composition by promoting the growth (Figure 3a)
and activity of N2O-reducing bacteria (containing a
nosZ gene) (Figure 4) relative to nirS- and
nirK-containing denitrifiers. By this our findings
support the hypothesis of Anderson et al. (2011)
who suggested that decreased N2O emissions
from biochar-amended soil might be caused
by an enhanced growth and activity of micro-
organisms capable of complete denitrification
(Anderson et al., 2011).

The incorporation of biochar into soil alters
various geochemical soil parameters which are
known to affect the diversity, abundance and
functioning of N2O-producing microbial commu-
nities in soils and thereby soil N2O emissions, such
as nitrogen speciation (NO3

�/NH4
þ ) and availability,

pH and oxygen saturation (Richardson et al., 2009;
Braker and Conrad, 2011). Singh et al. (2010b)
argued that over time the addition of biochar to
soils increases sorption of inorganic nitrogen com-
pounds such as NH4

þ and NO3
� to the soil matrix

which decreases their availability for microbial N2O
production. We cannot exclude that biochar aging
and associated changes in its cation exchange
capacity might have affected NO3

� sorption during
the 3 months of incubation (Singh et al., 2010b), but
the observed reduction of N2O emissions occurred
within the first week of incubation (Figure 3a) and
the fresh biochar used in this study showed little to
no NO3

� and NH4
þ sorption in preliminary experi-

ments (Supplementary Figure S4).
Bergaust et al. (2010) reported that soil pH exerts a

strong control on the N2O/N2 product ratio in soils

(high ratios at low pH), because at a pH below 7 N2O
reductase synthesis and assembly are inhibited. As
in our experiments the pH in the presence of biochar
increasedp0.3 pH units and the soil pH was rather
alkaline (pH 8.4), the observed decrease in N2O
emission are unlikely to be caused by post-transla-
tional effects on N2O reductase folding and
inhibition.

Van Zwieten et al. (2009) postulated that biochar
amendment can create anoxic microsites within soil
particles and aggregates, for example, through the
promotion of heterotrophic microbial respiration
and growth on the surface of biochar particles which
leads to local anaerobiosis. The formation of anoxic
microsites would enhance complete versus incom-
plete denitrification by stimulating growth and
activity of N2O-reducing microorganisms, because
N2O reductases have been reported to be more
sensitive to O2 than enzymes involved in N2O
formation (Betlach and Tiedje, 1981; Jungkunst
et al., 2006). This might in particular be relevant
for well-aerated soils and would generally not apply
to water-saturated conditions as present in our
microcosm experiment. However, as oxygen diffu-
sion into the top soil layers of our microcosms was
possible because the microcosms were incubated
under ambient atmosphere, biochar addition might
have contributed to the formation of more anoxic
microsites in the top layers of the soil microcosms.
Further evidence for a potentially lower oxygen
availability in the biochar-containing microcosms
also comes from the elevated nifH gene copy
numbers in the microcosms because a low oxygen
partial pressure is also considered to be one of the
controlling factors of microbial N2-fixation (Vitousek
et al., 2002; Reed et al., 2011) (Figure 3c).

A recent study by Cayuela et al. (2013) using 15
agricultural soils showed that biochar consistently
reduced the N2O/(N2þN2O) ratio, which demon-
strated that soil biochar amendment promoted the
last step of denitrification. According to Cayuela
et al. (2013) biochar can function as an ‘electron
shuttle’ facilitating the transfer of electrons to soil
denitrifying microorganisms. Taken together with its
acid buffer capacity and its high surface area, the
electron shuttling properties of biochar would
promote the reduction of N2O to N2. The increased
abundance and gene expression activity of
nosZ-containing microorganisms observed in
this study might be one explanation for the
decreased ratio of N2O/(N2þN2O) observed by
Cayuela et al. (2013).

Conclusions and implications. The N2O fluxes
quantified in this study agree with the N2O
fluxes previously quantified in water-saturated
(WFPS470%) soil microcosms, flow-through
columns or field sites after the application of high
doses of fertilizers (Flessa et al., 1995; Clayton et al.,
1997; Flessa et al., 1998; Flechard et al., 2005; Ruser
et al., 2006; Yanai et al., 2007; van Zwieten et al., 2010;
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Singh et al., 2010b). The added carbon in form of
molasses thereby created a situation with high
microbial activity, comparable to field situations
when larger quantities of residues become available
such as after a cut, during the winter/spring season
when freeze-thaw cycles occur or after heavy rain-
falls (Felber et al., 2012). According to our data, N2O
emission peaks in water-saturated soils after fertili-
zer application may be reduced by up to 96% in the
presence of 120 t ha� 1 biochar (10% (w/w) biochar)
and up to 47% in the presence of 24 t ha�1 biochar
(2% w/w biochar) if the magnitude of the biochar
effect in the lab is similar in the field. However, one
needs to take into account that under field condi-
tions emissions are usually less pronounced because
most of the soil organic matter or plant residues are
not readily biodegradable and first need to be broken
down into monomers in order to effectively stimu-
late microbial N2O production activity. Furthermore,
typical biochar application rates are in the range of 5
to 50 t ha�1. So assuming a potential N2O emission
reduction of about 47% as observed for the 2% (w/w)
biochar-containing microcosms seems to be a more
realistic and economic scenario and is in good
agreement with results from other laboratory and
field studies that reported reduction of N2O
emissions by 50–80% (Lehmann and Joseph, 2009;
Singh et al., 2010b; van Zwieten et al., 2010;
Taghizadeh-Toosi et al., 2011; Zhang et al., 2012a).
However, the general impact of our findings needs
additional evaluation and it would be a far stretch to
extrapolate our results directly to field emissions
because (i) only one soil and one biochar have been
used, (ii) the impact of biochar on the microbial
community of nitrogen-transforming microorgan-
isms might vary considerably depending on soil
and biochar type, (iii) N2 formation has not been
quantified and (iv) only a relative short time period
of 3 months has been considered in the experiments
presented here. Nonetheless, the documented
changes in the relative abundance of N2O-forming
and reducing microorganisms and the changes in
nosZ gene expression provide (i) new mechanistic
insights into the effect of biochar on the structure
and functioning of the denitrifying soil microbial
community; and (ii) offer a tentative explanation for
the observed reduction of N2O emissions caused by
soil biochar amendment as an increased abundance
and gene expression activity of nosZ-containing
microorganisms might enhance the direct microbial
reduction of N2O to N2 thereby decreasing net soil
N2O release.

In order to confirm the findings of this study and
further advance our understanding on the impact of
biochar on the nitrogen cycling microbial commu-
nity and soil N2O emissions, field studies with
different biochars over longer time periods are
needed. Furthermore, two recent studies revealed
a physiological dichotomy in the diversity of
N2O-reducing microorganisms (Sanford et al.,
2012; Jones et al., 2013). These recent findings

might also be of importance for understanding the
relationship between N2O reduction and the activity
and diversity of N2O-reducing microorganisms in
biochar-amended soils and should be taken into
account in future studies.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements

We thank Hans-Peter Schmidt of the Delinat Institute
for Ecology und Climate Farming (Ayent, Switzerland)
for providing soil and biochar, Elizaveta Krol (Center for
Biological Systems Analysis, University of Freiburg,
Germany) for providing the strain Ensifer melilotii 1021,
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Geochemical analyses 

Total and organic carbon, sulfur and nitrogen were quantified using a Vario EL elemental analyzer 
(Elementar, Hanau, Germany) according to ISO 10694, 13878 and 15178. Particle size distribution of 
the soil was determined according to ISO 11277 by sieving and sedimentation. CEC was determined 
according to ISO 13536. Surface area of the biochar was determined after Brunauer, Emmett and 
Teller (BET) according to ISO 9277 with a ASAP 2000 (Micromeritics, Norcross, GA). Ash and moisture 
content were determined according to ASTM D1762. EC and pH for characterization of the biochar 
were determined in a 1:20 biochar/water solution according to Rajkovich et al (2012) with a 
TetraCon® 925 conductivity meter (WTW, Weilheim, Germany) and a SenTix® S940 pH meter (WTW, 
Weilheim, Germany), respectively (Rajkovich et al 2012). Soil pH was determined in a 1:5 solution 
(deionized water) according to ISO 10390. Particle density of the biochar was determined with a 
pycnometer according to DIN 18124. 

Table S1: Elemental composition of the soil (calcaric leptosol) and the biochar as determined by X-Ray 
Fluorescence (XRF). Values are given in % of total mass or in mg kg-1. 

 Soil Biochar 

SiO2 [%] 56.06 25.95 

TiO2 [%] 1.06 0.16 

Al2O3 [%] 18.29 4.02 

Fe2O3 [%] 5.44 1.32 

MnO [%] 0.05 0.05 

MgO [%] 1.15 1.28 

CaO [%] 4.83 11.64 

Na2O [%] 0.88 0.67 

K2O [%] 2.90 1.65 

P2O5 [%] 0.36 0.47 

Co [mg kg-1] 21 0 

Cr [mg kg-1] 148 34 

Ni [mg kg-1] 116 0 

V [mg kg-1] 167 23 

Zn [mg kg-1] 53 0 
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Fig. S1: Soil microcosms. From left to right: biochar-free control, 2% (w/w) biochar, and 10% (w/w) biochar-
containing microcosms. The water-filled pore space (WFPS) was adjusted to 95%. 

Table S2: Bacterial strains and primers used for the construction of qPCR-standards. 

Gene Strain Primer Sequence Amplicon 

 size [bp] 

Cloning 

vectora 

16S rRNA Thiomonas sp. 

 

GM3F 

1392R 

AGAGTTTGATCMTGGCTCAG 

ACGGGCGGTGTGTRC 

1384 

 

pCR2.1® 

 

nifH 

 

Acidithiobacillus 

ferrooxidans 

nifH_AbFo_F 

nifH_AbFo_R 

GAGTGACAAATTAAGGCAAA 

GAACTCCATGAGCATTTCTT 

820 

 

pCR4® 

 

nirK 

 

Sinorhizobium  

meliloti 1021 

nirK_Sm_F 

nirK_Sm_R 

TCTGAGCAATTCCAGATGAC 

ATCAGATCGTCGTTCCAGT 

1097 

 

pCR4® 

 

nirS 

 

Ralstonia  

eutropha H16 

nirS_Re_F 

nirS_Re_R 

CATTGCCGCTCTCACTCT 

GTTATAGGCGTTGAACTTGC 

1607 

 

pCR4® 

 

nosZ 

 

Sinorhizobium 

meliloti 1021 

nosZ_Sm_F 

nosZ_Sm_R 

TCAAACGAAGAAACCAAGAT 

CTTCATCTCCATGTGCATC 

1884 

 

pCR4® 

 

qPCR-standards for archaeal and bacterial amoA genes have been commercially synthesized. 

a vectors obtained from Invitrogen™, Life Technologies Ltd, Paisley, UK. 
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Table S3: Quantitative PCR reaction mixtures and thermal profiles for the different target genes. 

Target gene Reaction mixture Volumes [µl] Thermal profile Reference 

16S rRNA gene SsoFast™ EvaGreen® Supermix 
341f (5 µM) 
797R (5 µM) 
BSA (10% w/v) 
PCR water 
template (5-50 ng µL-1) 

10 
0.3 
0.9 
0.5 
6.3 
2 

98 °C – 10 s 
61.5 °C – 45 s 
 

40 cycles 

Modified after Nadkarni 
et al (2002) 
 
 

nifH SsoFast™ EvaGreen® Supermix 
nifHF (5 µM) 
nifHR (5 µM) 
BSA (3% w/v) 
PCR water 
template (5-50 ng µL-1) 

10 
1 
1 
0.5 
5.5 
2 

98 °C – 45 s  
55 °C – 45 s 
72 °C – 45 s 
 
45 cycles 

Modified after 
Towe et al (2010) 
 
 

archael amoA SsoFast™ EvaGreen® Supermix 
amo19F (5 µM) 
crenamoA616r48x (5 µM) 
BSA (10% w/v) 
PCR water 
Template (5-50 ng µL-1) 

10 
1 
1 
0.5 
5.5 
2 

98 °C – 45 s 
55 °C – 45 s 
72 °C – 45 s 
 
40 cycles 

Modified after 
Towe et al (2010) 
 
 

bacterial amoA SsoFast™ EvaGreen® Supermix 
amoA1F (5 µM) 
amoA2R (5 µM) 
BSA (10% w/v) 
PCR water 
Template (5-50 ng µL-1) 

10 
1.5 
1.5 
0.5 
4.5 
2 

98 °C – 45 s 
60 °C – 45 s 
72 °C – 45 s 
 

40 cycles 

Modified after 
Towe et al (2010) 
 
 

nirK iQ™ SYBR® Green Supermix 
nirK876C (5 µM) 
nirK1040 (5 µM) 
BSA (10% w/v) 
DMSO (≥ 99.5%) 
PCR water 
Template (5-50 ng µL-1) 

10 
2 
2 
0.5 
0.4 
3.1 
2 

98 °C – 15 s 
63-58 °C – 30 s 
72 °C – 30 s 
6 cycles 
98 °C – 15 s 
58 °C – 30 s 
72 °C – 30 s 
40 cycles 

Modified after 
Ollivier et al (2010) 
 
 

nirS SsoFast™ EvaGreen® Supermix 
cd3af (5 µM) 
R3cd (5 µM) 
BSA (10% w/v) 
DMSO (≥ 99.5%) 
PCR water 
Template (5-50 ng µL-1) 

10 
2 
2 
0.5 
0.4 
3.1 
2 

98 °C – 60 s 
57 °C – 60 s 
72 °C – 60 s 
 
40 cycles 

Modified after 
Ollivier et al (2010) 
 
 

nosZ SsoFast™ EvaGreen® Supermix 
nosZ2F (5 µM) 
nosZ2R (5 µM) 
BSA (10% w/v) 
DMSO (≥ 99.5%) 
PCR water 
Template (5-50 ng µL-1) 

10 
1 
1 
0.5 
0.4 
5.1 
2 

98 °C – 30 s 
65-60 °C – 30 s 
72 °C – 30 s 
6 cycles 
98 °C – 15 s 
60 °C – 15 s 
72 °C – 30 s 
40 cycles 

Modified after 
Babić et al (2008) 
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Table S4: Primers used for quantitative PCR. 

Gene Primer Sequence Amplicon 

size [bp] 

Reference 

 

16S  

rRNA 

341f  

797r 

CCTACGGGAGGCAGCAG 

GGACTACCAGGGTATCTAATCCTGTT 

466 

 

Muyzer et al (1993) 

Nadkarni et al (2002) 

nifH 

 

nifHF 

nifHR 

AAAGGYGGWATCGGYAARTCCACCAC 

TTGTTSGCSGCRTACATSGCCATCAT 

458 

 

Rosch et al (2002) 

 

archaeal 

amoA 

amo19F 

CrenamoA616r48x 

ATGGTCTGGCTWAGACG 

GCCATCCABCKRTANGTCCA 

624 

 

Leininger et al (2006) 

Schauss et al (2009) 

bacterial 

amoA 

amoA1F 

amoA2R 

GGGGTTTCTACTGGTGGT 

CCCCTCKGSAAAGCCTTCTTC 

500 

 

Rotthauwe et al (1997) 

 

nirK 

 

nirK876C 

nirK1040 

ATYGGCGGVCAYGGCGAa 

GCCTCGATCAGRTTRTGG 

164 

 

Modified after Henry 
et al (2004) 

nirS 

 

cd3af 

R3cd 

GTNAAYGTNAARGARACNGG 

GASTTCGGRTGSGTCTTGA 

413 

 

Michotey et al (2000) 

Throback et al (2004) 

nosZ 

 

nosZ2F 

nosZ2R 

CGCRACGGCAASAAGGTSMSSGT 

CAKRTGCAKSGCRTGGCAGAA 

267 

 

Henry et al (2006) 

 

a Insertion of a cytosine (underlined) in order to increase target gene coverage. 

 

Table S5: qPCR parameters (efficiency, slope and R2) for evaluation of the different target gene assays. 

 efficiency [%] slope R2 

16S rRNA gene 94.6 -3.46 0.99 

nifH 94.8 -3.46 0.99 

archaeal amoA 92.5 -3.51 0.99 

bacterial amoA 95.3 -3.44 0.99 

nirK 96.6 -3.41 0.99 

nirS 79.5 -3.94 0.99 

nosZ 75.8 -4.17 0.99 
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Fig. S2: Change in nitrogen (a, b) and carbon (c) geochemical parameters in the 2% (w/w) biochar-containing 
and control soil microcosms over time. Panel a and b show changes in the concentrations of nitrate, nitrite, 
ammonium and nitrous oxide, while panel c shows the DOC and carbon dioxide data. The small inserted graphs 
show a magnified view of the data for the first 8 days. Open symbols with dashed lines represent data of the 
control microcosms without biochar. Filled symbols with solid lines represent data of the soil microcosms with 
2% (w/w) biochar. Statistically significant differences (univariate ANOVA, post-hoc: LSD) between control and 
2% (w/w) biochar microcosms at a certain time point are indicated by lower-case letters above the individual 
data points (a = NO3

-, b = NH4
+, c = N2O, d = NO2

-, e = DOC, f = CO2). 
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Fig. S3: Gene copy numbers per gram dry soil over time for various key genes of microbial nitrogen 
transformation processes in the 2% (w/w) biochar-containing and control microcosms. Panel a shows changes 
in total bacterial 16S rRNA and nifH genes copy numbers. In panel b archaeal and bacterial amoA gene copy 
numbers are shown. Panel c summarizes the gene copy number data for nirS, nirK, and nosZ. The small inserted 
graphs show a magnified view of the data for the first 8 days. Open symbols with dashed lines represent data 
measured in the control microcosms without biochar. Filled symbols with solid lines represent data of the soil 
microcosms with 2% (w/w) biochar. Statistically significant differences (univariate ANOVA, post-hoc: LSD) 
between control and 2% (w/w) biochar microcosms at a certain time point are indicated by lower-case letters 
above the individual data points (a = nifH, b = nosZ, c = nirS). 
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Fig. S4: Ratio of water- to K2SO4-extractable (0.5 N) NO3
- (black bars) and NH4

+ (gray bars) in the water-
saturated (95% water-filled pore space) soil microcosms with different amounts (w/w) of biochar after 24h of 
incubation at room temperature. Data has been normalized to the K2SO4-extractable NO3

- and NH4
+. The 

amount of water-extractable NO3
- and NH4

+ is expressed as fraction of the K2SO4-extractable NO3
- and NH4

+. % 
BC refers to the amount (w/w) of biochar added to the individual soil microcosms. 
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Abstract 

N2O is a major greenhouse gas and the gross of anthropogenic N2O emission originates from 

agriculturally managed soils. Therefore the development of N2O mitigation strategies is a key 

challenge for agriculture. Biochar as soil amendment has been discussed as promising tool to 

improve soil quality, sequester carbon and mitigate N2O emissions. Yet, the mechanism how biochar 

addition can affect N2O emissions is still poorly understood. While the liming effect of biochar is 

discussed to enhance N2O reduction, other studies related increased size and/or taxonomic 

composition of N2O reducing bacteria after biochar addition to decreased N2O emissions. Yet, most 

studies focusing on the mechanistic impact of biochar on N2O emissions were restricted to short 

term changes during incubation experiments. In order to test whether the influence of N2O reducers 

on N2O emissions after biochar addition also holds under field conditions we performed a field 

experiment investigating impact of biochar under the cultivation of Zea mays across a whole 

vegetation period. The liming effect of biochar was assessed by including a separate lime treatment. 

Size and taxonomic composition of typical and atypical nosZ bearing bacteria were assessed after 

harrowing, fertilization and harvest using qPCR and Illumina sequencing approaches. In the biochar 

amended soil N2O emission decreased by 52% compared to the control across the whole vegetation 

period. The size of typical and atypical nosZ bearing communities increased after fertilization and 

taxonomic composition of the atypical nosZ gene differentiated in between treatments after 

fertilization. The bacterial taxa associated with the biochar treatment lacked antecedent 

denitrification genes indicating specialized N2O reducers to play an important role in mitigating N2O 

emissions after biochar addition under field conditions. The liming effect of biochar seemed not to be 

the sole driver for differentiation of atypical nosZ bearing community. Our results broaden our 

understanding of biochar`s impact on N2O emissions on a field scale and might prove valuable for the 

development of N2O mitigation strategies.  
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Introduction 

Nitrous oxide (N2O) is a potent greenhouse gas that also catalyzes stratospheric ozone depletion 

(Ravishankara et al., 2009). Atmospheric N2O concentrations are constantly rising and reached 328 

ppb in 2016 (121% of preindustrial levels) mainly due to anthropogenic intervention in the nitrogen 

cycle (WMO, 2016; Davidson, 2009). Since agriculturally managed soils emit 4.3-5.8 Tg N2O yr-1, 

developing effective mitigation strategies is a key challenge for the agricultural sector (Butterbach-

Bahl et al., 2013). As N2O is a long lived greenhouse gas with an atmospheric half life time of 114 

years elevated atmospheric N2O concentrations will be a long term issue (IPCC, 2013). N2O in soils is 

mainly produced by microbially mediated nitrogen transformations and the process of denitrification 

is widely recognized as the single most important N2O producing process. Denitrification describes 

the stepwise reduction of nitrate (NO3
-) to dinitrogen (N2) and occurs under oxygen limited conditions 

especially after fertilization increased the bioavailability of nitrogen compounds (Davidson, 2009). 

Within denitrification N2O is produced as an obligatory intermediate.  The last step in denitrification, 

i.e. the reduction of N2O to N2, presents the only known biological sink for N2O. The enzyme 

performing this last reduction step is encoded by the functional gene nosZ (Philippot et al., 2007). 

The functionality of this enzyme is highly sensitive to oxygen and pH (Liu et al., 2014; Zumft and 

Kroneck, 2006). Therefore the last step in denitrification is often impaired and N2O is produced as the 

dominating denitrification end product in agricultural soils.   

Since denitrification is a modular process and not all microbes involved possess the whole set 

of denitrification genes (Graf et al., 2014), the community composition of denitrifyers and especially 

N2O reducers is an important factor which can influence N2O emissions (Jones et al., 2014; Philippot 

et al., 2011). While some denitrifyers lack nosZ und thus the genetic capability to reduce N2O 

(Philippot et al., 2011), other N2O reducers lack antecedent denitrification genes and thus act as sink 

for N2O. This especially applies for the recently described atypical nosZ gene in which ~50% of 

theaffiliated taxa lack the genetic capability to produce N2O (Graf et al., 2014; Jones et al., 2013). 

Recently it was shown that agricultural practice can change the diversity of N2O reducers and affect 

dominating denitrification end product (Domeignoz-Horta et al., 2015). Identifying and developing 

agricultural practice that fosters exclusive N2O reducers presents an important step towards climate 

smart agriculture.  

 Biochar is a carbon-rich product of incomplete combustion that is added to the soil to 

improve soil quality and enhance carbon sequestration (Verheijen et al., 2010). Although the 

physicochemical properties of biochar largely depend on the feedstock and production temperature 
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the majority of biochar share some common characteristics like alkaline pH, high surface area and 

stable aromatic carbon structures (Atkinson et al., 2010; Mandal et al., 2016). Due to these 

physicochemical properties the amendment of biochar to agriculturally managed soils is discussed as 

management tool to address environmental issues associated with current agricultural practice 

(Singh et al., 2010; Sohi et al., 2010; Lehmann and Joseph, 2009; Woolf et al., 2010; Mandal et al., 

2016). Biochar amendment is also discussed as management option to mitigate N2O emission since 

decreased N2O emissions were reported from a range of field and incubation experiments (Cayuela 

et al., 2013a). Several parameters like biochar feedstock, soil texture and the chemical form of N 

fertilizer were found to influence the extend of N2O mitigation due to biochar addition, but the key 

mechanism causing decreased N2O emissions is still poorly understood (Cayuela et al., 2013a; 

Cayuela et al., 2013b; Clough et al., 2013). Some authors suggest increased pH due to biochar 

addition to be the main driver in lowering soil derived N2O emissions (van Zwieten et al., 2010; Zheng 

et al., 2012) as there is evidence that elevated soil pH fosters N2O reduction (Cuhel et al., 2010; 

Simek et al., 2002). Furthermore, it was suggested that reduced N2O emission after biochar addition 

was caused by increased activity of nosZ bearing denitrifyers and a shift in denitrifier community 

composition (Harter et al., 2014; Van Zwieten et al., 2014).  

There is evidence that biochar addition can affect the microbial community composition as 

assessed by molecular fingerprint techniques (Anderson et al., 2011; Chen et al., 2013). Recent 

studies using next generation sequencing approaches targeting the 16SrRNa gene also revealed an 

increase of bacterial taxa involved in nitrogen transformation and degradation of complex organic 

structures (Kolton et al., 2011; Chen et al., 2015). While the potential of biochar amendment to 

shape the general microbial community composition seems to be evident, to our knowledge there is 

only one study that investigated the impact of biochar on the community composition of N2O 

reducing bacteria. Harter et al. (2016) reported increased relative abundances of typical nosZ bearing 

bacteria capable of complete denitrification and atypical nosZ bearing bacteria restricted to N2O 

reduction due to biochar addition in a short term incubation experiment that showed reduced N2O 

emissions after biochar amendment (Harter et al., 2014). Biochar mediating microbial electron 

transfer (Kappler et al., 2014) might increase microsites suitable for complete denitrification by local 

anoxia. But also increased sorption of N2O (Cornelissen et al., 2013) and NO3
- or pH induced 

enhancement of N2O reduction cannot be excluded as undelaying mechanisms driving changes in 

community composition of N2O reducers (Clough et al., 2013; Hagemann et al., 2016). The effect of 

biochar amendment on N2O emissions under field condition generally seems less pronounced 

compared to incubation experiments (Cayuela et al., 2013b). We therefore wanted to investigate 
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whether biochar induced a shift in community composition N2O reducers under field conditions and 

link this to biochar’s potential to reduce N2O emissions. We assessed size and taxonomic composition 

of N2O reducers over a whole vegetation period on a biochar field trial that was connected to a N2O 

measuring campaign (Hüppi et al., 2015).By including a liming treatment we aimed at assessing the 

liming effect of the biochar independently.     
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Material and Methods 

Sampling site 

The experiment was established on a cropland at the Agroscope research station in Zürich 

(Switzerland) on Eutric Mollic Gleysol in January 2014. The type of soil is a clay loam with a particle 

size distribution of 37% sand, 27% silt and 36% clay. In the year before the experiment the field was 

under conventional management with Zea mays.  Mean annual rainfall and air temperature from 

1981-2010 was 1054 mm and 9.4°C.  

Experimental setup 

In January 2014 20 t ha-1 biochar were added to the respective microplots. Freshly applied biochar 

was worked into the top 1-3 cm of the soil. Basic properties of the biochar are listed in Table 1. In 

order to investigate the liming effect of biochar an additional treatment was established by adding 5 

t ha-1 limestone. Greenhouse gas measurement with an automated closed chamber system started at 

14th of February and lasted till harvest of Zea mays in October. Details of N2O quantification and pH 

adjustment in the lime and biochar treatments are described elsewhere (Hüppi et al., 2015). 

Harrowing of the field plots was done at 31th of March. For the first and third N fertilization of Zea 

mays N-fertilizer (LONZA-Ammonsalpeter; 27.5% N) at a rate of 40 kg ha-1 was used on May 26th and 

July 16th. The second N fertilization was carried out on June 16th using NH4NO3 at a rate of 80 kg ha-1. 

The harvest took place on 13th of October. In order to assess community structure of N2O reducers 

the first set of soil samples from each microplot was taken after “harrowing”. A N2O emission event 

occurred 9 days after the second fertilization straight after a rain event. Therefore the second 

sampling date labeled as “fertilization” refers to soil sampling at the 25th of June 2014 

(Supplementary Figure S1). The third soil sampling was performed at the end of the cropping period 

after “harvest”. For DNA analysis a homogenized composite soil sample was taken from each 

microplot, immediately frozen in liquid nitrogen and stored at -80 °C till further processing.  

Molecular biological methods 

DNA extraction and quantification of functional genes 

DNA was extracted via phenol chloroform extraction as described in Griffiths et al. (2010). Before 

beat beating 9.19 copies of a linearized plasmid (pJET1.2, CloneJET PCR Cloning Kit, Thermo Scientific, 

Waltham, MA) carrying a fragment of cassava mosaic virus (APA9, gene accession Nr. AJ427910) 

were added to the soil samples in order to assess DNA recovery  rates for each sample (Thonar et al., 

2012). DNA yield were assessed fluorometrically with Qubit 2.0 (Qubit dsDNA HS Assay Kit and Qubit 
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RNA HS Assay Kit, Invitrogen, Carlsbad, CA, USA) directly after extraction and ranged from 21.7 to 60 

ng ul-1. DNA extracts were further purified using OneStep ™ PCR Inhibitor Removal Kit (D6030, Zymo 

Research, Irvine, USA). Analysis of functional genes on a RNA level was attempted but failed due to 

extremely inconsistent yields which were most likely caused by field heterogeneity and the influence 

of daily temperature fluctuations. Quantitative PCR of functional genes was performed using KAPA 

SYBR FAST qPCR Master Mix (Kapa Biosystems, Wilmington, MA) and a Rotor-Gene-Q (QIAGEN, 

Venlo, Netherlands). Each 10 µl reaction volume included   1̴ ng of template DNA. Primers and 

thermal protocols used for functional gene quantification are listed in Table S1 and S2. Standard 

curves were constructed by running a serial dilution with concentration ranging from   1̴08 to   1̴02 

gene copy numbers per reaction of a plasmid bearing a copy of the respective gene. Specifications of 

vector plasmids and host genes are given in Table S3. Concentrations of standards were measured 

fluorometrically with Qubit 2.0 (Qubit dsDNA HS Assay Kit, Invitrogen, Carlsbad, CA). Each reaction 

was performed in analytical duplicates and repeated if Ct values differed more than 0.5. Efficiencies 

of qPCR yielded 86-90% for APA9 gene fragment, 79-84% for typical nosZ and 77-78 % for atypical 

nosZ assays. Specificity of the amplification was checked by meltcurve and agarose gel analysis. Raw 

data was analyzed via LinReg PCR by assessing enzyme kinetics for each reaction individually 

(Ramakers et al., 2003). Additional to normalization of functional gene abundances per soil g dry 

weight, DNA extraction efficiencies obtained by APA9 quantification were used to correct functional 

gene copy numbers. Calculated extraction efficiencies ranged 34.03 % to 95.5% without treatment 

specific bias. Details on primers, master mixes and source of qCPR standards can be found in 

Supplementary Tables S1-3.  

Illumina amplicon sequencing 

DNA extracts were amplified for Illumina sequencing using a two-step PCR procedure. In the first step 

the products of three independent PCRs were pooled and purified using DNA Clean & Concentrator ™ 

(D4033, Zymo Research, Irvine, USA). Primer, master mixes and thermal cycling conditions for typical 

nosZ and atypical nosZ are shown in Supplementary Table S4.  Obtained purified products were 

checked via Agarose Gel analysis. Subsequent library preparation and sequencing were performed at 

Genome Quebec Innovation Center (Montreal, Canada) according to the amplicon sequencing 

guidelines given by Illumina (San Diego, CA, USA). Sequencing was performed on an Illumina MiSeq® 

sequencing system using the 2x 250 bp providing MiSeq® Reagent Kit v2 (Illumina, San Diego, CA, 

USA). Primer sequences of the obtained raw sequences were removed using Cutadapt v1.9 (Martin, 

2011). Given the length of the fragments of ca 700bp reads could not be merged and forward reads 
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were used for further processing due to higher phred scores. Reads were quality filtered using 

USEARCH fastq_filter function with a maximum error threshold of 1%. Chimeric sequences were 

removed using the uchime_denovo algorithm implemented in USEARCH (Edgar et al., 2011). Quality 

filtering yielded in a mean of 57206 ±9594 and 27473±6997 high quality reads per sample for typical 

and atypical nosZ genes, respectively. No treatment specific bias could be detected. Quality filtered 

sequences for typical and atypical nosZ were translated to protein sequences and  mapped against 

the NCBI Reference Sequence protein database (RefSeq) using DIAMOND (Buchfink et al., 2015) in 

blastx mode with a minimum protein sequence identity cutoff of 70% and an e-value cutoff of 10-10. 

98.7 ±0.4% and 97.9 ±0.7% of the reads matched KEGG database entries assigned to the typical and 

atypical nitrous oxide reductases, respectively.  Database hits were used for further analysis using 

the Lowest Common Ancestor (LCA) algorithm implemented in MEGAN6 Ultimate Edition (Huson et 

al., 2016). The LCA analysis parameters “Top percent” and “Min Support” were set to 0.5% and 15. 

This implies that all hits within the top 0.5% of the best bit score are used for further analysis and a 

minimum of 15 reads is needed for each taxa to be considered. Given the basic principle of the LCA 

algorithm sequences that are conserved among different species were assigned to taxa of higher 

rank (Huson et al., 2007). On average 50527 ±8515 and 22346 ±5771 typical and atypical nosZ 

sequences were assigned on a species level and used for further statistical analysis. It needs to be 

noted that a direct prove that a given sequence is associated to a specific microbial taxon is hard to 

obtain. Therefore specific species names mentioned need to be treated with caution and whenever 

species names are mentioned we refer to microbes that contain typical and atypical nosZ genes that 

are closely related to the respective gene of the named species.    

Statistical analysis 

Community composition of typical and atypical nosZ genes was analyzed using R version 3.3.1 (R Core 

Team, 2013) (Supplementary Figure S2). Permutational multivariate analysis of variance (Permanova) 

was performed using the adonis command in the “vegan” package in order to assess significance of 

treatment and sampling date on community composition of typical and atypical N2O reducers. 

Additionally, the strictly non-parametric analysis of similarities (Anosim) which can only test for one 

factor was used as a measure of group separation using the anosim function. Anosim and Permanova 

were performed with 104 permutations. Community composition of typical and atypical nosZ gene 

sequences was visualized via Principal Coordinate Analysis (PCoA) using Bray Curtis distances. 

Indicator species associated with one or two specific sampling dates were assessed using the 
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multipatt function of the “indicspecies” package. The same command was used to assess indicator 

species associated with one or two treatments at specific sampling dates.          
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Results 

N2O emissions and basic soil parameters 

Basic biochar and soil properties are listed in Table 1. As described in detail in (Hüppi et al., 2015), 

liming treatment and biochar addition resulted in an elevated soil pH of 0.4 pH units on average. The 

pH fluctuated across the vegetation period but was lowest in the control treatment through the 

whole vegetation period. Bulk density and soil mineral N content did not statistically differ between 

treatments throughout the experimental period. Cumulative N2O emissions across the vegetation 

period in the biochar treatment were 52% lower compared the control. Due to large variabilities in 

the lime treatment a significant effect on N2O emissions was missing (Figure 1).   

 

Table 1: Basic biochar and soil properties as described in Hüppi et al. (2015) 

parameter biochar soil 
pH 9.8 6.3 

C/N ratio 94.0 9.0 
Corg (%) 62.1 - 

BET surface (m2 g-1) 148.0 - 
Ash content (%) 20.0 - 

O/C ratio 0.11 - 
H/C ratio 0.33 - 

Bulk density (g cm3) - 1.3 
 

 

Figure 1: Cumulated N2O emissions in control, biochar and lime treatment for the whole vegetation period 
(data from Hüppi et al. (2015)) 
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Community size of typical and atypical nosZ bearing bacteria 

Typical nosZ gene abundances did not show any significant treatment effects at the beginning of the 

vegetation period after harrowing. One week after fertilization typical nosZ gene abundances in the 

control and especially biochar treatment increased yielding significantly highest nosZ abundances in 

the biochar treatment (biochar: 3.09*108±3.51*107, control 1.84*108±3.17*107 and lime 

1.03*108±3.54*107). Before harvest typical nosZ gene abundances in all treatments declined almost 

below initial levels and no treatment effects could be detected (Figure 2a). Also abundances of the 

atypical nosZ gene did not show any treatment effect after harrowing. Significantly increased gene 

copy numbers of atypical nosZ gene were found in the biochar treatment compared to the lime 

treatment after fertilization (biochar: 8.82*108±1.53*108, control 7.06*108±1.14*107 and lime 

4.79*108±7.21*107). In comparison to harrowing only the addition of biochar yielded in increased 

atypical nosZ gene copy numbers after fertilization. At the end of the vegetation period lowest levels 

of atypical nosZ gene abundances were found with treatments not showing any significant effect on 

the size of atypical nosZ bearing bacterial community (Figure 2b).  

 

Figure 2: Gene copy numbers per g dry soil of the typical (a) and atypical (b) nitrous oxide reductases after 
sowing, fertilization and harvest of Zea mays.  

 

Community composition of typical and atypical nosZ bearing bacteria  

Permanova and Anosim showed a significant effect of sampling date on community composition of 

typical and atypical nosZ bearing bacteria (Table 2). Also the factor parcel, as measure of spatial 

heterogeneity, significantly introduced variance in community composition of atypical N2O reducers. 

For typical nosZ gene sequences this effect was only significant according for Permanova while 
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according to Anosim this relationship was a trend (Table 2). An effect of lime and biochar 

amendment across all sampling dates was observed for atypical nosZ bearing only (Table 2).   

 

Table 2: Significant levels for factors explaining the variance in dissimilarity matrices of typical and atypical nosZ 
bearing bacterial community as analyzed by Permanova and Anosim.  

 typical nosZ atypical nosZ 
Factors Permanova Anosim Permanova Anosim 
Sampling date <0.001*** <0.001*** 0.012* 0.039* 

Treatment 0.114ns 0.677ns  0.003** 0.008** 

Parcel 0.002** 0.059ns <0.00.1*** <0.001*** 

Sampling date * treatment 0.319ns  0.690ns  

 

Taxa indicative for one or two sampling dates and showing a relative share above 0.5% are displayed 

in Figure 3. For the typical nosZ gene relative abundance of Paracoccus denitrificans increased while 

Sinorhizobium fredii, Methylobacterium sp. 4-46 and Hyphomicrobium denitrificans decreased in 

harvest compared to harrowing and fertilization. The abundance of Thiobacillus denitrificans and 

Pseudogulbenkiania sp. NH8B was significantly highest after fertilization compared to harrowing and 

harvest. The abundance of Bradyrhizobium diazoefficiens decreased from harrowing to fertilization 

but recovered again and showed highest relative abundance at harvest (Figure 3a). For atypical nosZ 

the relative share of Opitutus terrae and Ignavibacterium album was significantly decreased at 

harvest compared to harrowing and fertilization while the opposite effect was observed for Niastella 

koreensis, Haliscomenobacter hydrossis, Gemantimonas aurantica and Caldinella aerophila (Figure 

3b). 

 

Figure 3: Relative abundances of read affiliated taxa at the soil sampling dates “harrowing”, “fertilization” and 
“harvest” across all treatments. Taxa were identified using the multipatt function in the indicspecies package of 
R. Only taxa with a mean relative share above 0.5 % that differ significantly in between sampling dates are 
displayed.  
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Figure 4: Principal coordinate analysis (PCoA) plot based on the genetic diversity of typical (a)-c)) and atypical 
(d)-f)) nitrous oxide reductase after sowing (a) and d)), fertilization (b) and e)) and harvest (c) and f)) of Zea 
mays in the control, biochar and lime treatment. The PCoA was calculated using Bray-Curtis dissimilarity matrix 
based on the relative share of assigned gene sequences in the respective soil samples. Biplots also show the 
four most abundant gene sequences affecting ordination and the assigned taxa. Data points of a treatment 
were connected when Permanova showed a significant treatment effect.  
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Assessing the treatment effect on community composition of typical and atypical nosZ gene 

sequences at specific sampling dates revealed no clear clustering of typical nosZ bearing bacteria 

throughout the vegetation period (Figure 4). The same was true for the atypical nosZ gene sequences 

after harrowing. After fertilization atypical nosZ gene sequences showed treatment specific clusters 

and analysis of variance via permanova revealed a significant treatment effect (p=0.04). At harvest a 

similar clustering was observed but lacked statistical significance. At fertilization and harvest the 

samples of the lime treatment clustered in between the control and biochar treatment (Figure 4e 

and 4f). At fertilization, when a significant treatment effect was observed, atypical nosZ sequences 

assigned to Anaeromyxobater sp. Fw109-5 and Flavobacteriaceae bacterium 3519-10 were indicative 

for the control and lime treatment. On the contrary, a significant increase of the atypical nosZ gene 

affiliated with Melioribacter roseus was detected in the biochar treatment (Figure 5). 

 

Figure 5: Relative abundances of atypical nosZ read affiliated taxa in the control, biochar and lime treatments 
at fertilization. Taxa were identified using the multipatt function in the indicspecies package of R. Only taxa 
with a mean relative share above 0.5 % are displayed.  
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Discussion 

As described in detail in Hüppi et al (2015), biochar addition decreased N2O emission by 52% 

compared to the control. This coincides very well with the meta-analysis conducted by Cayuela et al. 

(2013b) that showed biochar addition to lower N2O emissions by an average of 54% across 30 

incubation and field studies. Yet, it should not be neglected that field date generally showed a less 

pronounced impact on N2O emissions (Cayuela et al., 2013b) and there are other field studies lacking 

significant reductions in N2O emissions after biochar addition (Scheer et al., 2011; Verhoeven and Six, 

2014). There is a growing body of studies that showed biochar’s potential to decrease N2O emissions 

by influencing abundance and/or activity of N2O reducing bacteria (Harter et al., 2014; Van Zwieten 

et al., 2014; Liu et al., 2017; Xu et al., 2014). Yet, the only study investigating N2O fluxes and 

abundances of typical nosZ bearing bacteria at the beginning and the end of a on an arable field 

experiment over a whole vegetation period did not find an influence of biochar amendment neither 

on N2O emissions nor on the size of the N2O reducing microbial community (Dicke et al., 2015). In our 

case, biochar amendment increased abundance of typical and partly atypical nosZ bearing bacteria 

after fertilization when high N availability and water contents favored denitrification (Hüppi et al., 

2015). In the study of Dicke et al. (2015) generally low N2O emissions together with low water 

contents favoring nitrification as major N2O producing pathway might have hampered differentiation 

of N2O emissions and nosZ gene abundances in between treatments.   

In contrast to the atypical N2O reducers, typical nosZ bearing bacteria are more likely to 

possess antecedent denitrification genes (Graf et al., 2014) and thus have the genetic capability to 

process NO3
- and other intermediate products of denitrification. Therefore it seems plausible that 

abundance of typical nosZ bearing bacteria showed a greater response to N-fertilization compared to 

atypical nosZ bearing bacteria (Figure 2). Biochar amendment significantly increases the abundance 

of this functional guild which further indicates enhanced denitrification after N addition in this 

treatment as already suggested by Xu et al. (2014) and Castaldi et al. (2011) .  

Yet, not only size and activity of the N2O reducing microbial community but also community 

structure was reported to affect N2O reduction (Domeignoz-Horta et al., 2015). There are strong 

indications that agricultural practice has the potential to shape diversity of N2O reducers as it was 

shown for residue management in a long term field trial (Bent et al., 2016). Especially the diversity of 

the atypical nosZ bearing bacteria was shown to have a strong influence on denitrification end 

products and determine N2O sink capacity of soils (Jones et al., 2014). Furthermore, inoculation with 

the atypical nosZ bearing and non-denitrifying strain Dyadobacter fermentans was shown to 
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significantly reducing N2O emissions in 4 out of 11 soil as assessed by an incubation experiment 

(Domeignoz-Horta et al., 2016). There is growing evidence that managing community structure of 

N2O reducers might be a useful tool in mitigating soil derived N2O emissions.  

In our case sampling time points had a greater impact on typical and atypical nosZ bearing 

bacteria compared to the treatment effect. This seems plausible considering variations in N-

availability, soil temperature and water contents in between sampling dates (Hüppi et al., 2015).The 

fact that the only significant treatment effect was observed after fertilization seems plausible since 

provision of N lead to an increased formation of N2O (Supplementary Figure S1). Anderson et al. 

(2014) found seasonal changes to be the major driver of the general bacterial community 

composition in a biochar field trial. The authors reported that the addition of biochar did not have 

any significant impact on bacterial community composition. Still, nosZ abundance increased through 

the course of the experiment (Anderson et al., 2014).  

Increased relative abundance of Thiobacillus denitrificans after fertilization can be explained 

by high N availability and water contents since this facultative anaerobic bacterium is known for 

removing excess NO3
- coupled to sulfide oxidation under anoxic conditions (Shao et al., 2010). Also 

Pseudogulbenkiania sp. NH8B significantly increased in relative abundance. This strain was first 

isolated from rice paddy soil, is known for its strong denitrifying activity and its ability to perform N2O 

reduction (Ishii et al., 2011).  In contrast, the slow growing and effective N fixing bacteria 

Bradyrhizobium diazoefficiens (Delamuta et al., 2013) decreased in relative abundance at fertilization 

when N was easily available. Decreased abundance of Methylobacterium sp4-46 and Sinorhizobium 

fredii after harvest might be due to removed host plants since both taxa are known for their ability to 

form symbiosis with legumes which have been present in form of weeds before harvest. After 

harvest the metabolic versatile taxa of Paracoccus denitrificans increased in relative abundance 

(Baker et al., 1998). A differentiation of taxa at harvest was also seen for the atypical nosZ bearing 

taxa which seemed to driven by soil aeration status. The obligatory anaerobe, slow growing taxa 

Opitutus terrae decreased in relative abundance possibly due to low water contents (Chin et al., 

2001). Similarly, relative abundance of the anaerobic bacteria Ignavibacterium album also 

significantly decreased at harvest (Iino et al., 2010). The strictly aerobic bacteria Niastella korensis, 

Haliscomenobacter hydrossis and Gemmatimonas aurantiaca as well as the facultative aerobic 

bacteria Caldinelinea aerophila were associated with sampling date at harvest (Zhang et al., 2003; 

Sekiguchi et al., 2003; Daligault et al., 2011; Weon et al., 2006). Although a range of atypical nosZ 

bearing bacteria was affected by sampling date the relative abundance of each species did not 

exceed 3%. PCoA analysis showed also other species which were not associated to any sampling date 
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like Melioribacter roseus, Pedobacter saltans and Flavobacteriaceae bacterium 3519-10 to contribute 

to ordination of soil samples (Figure 5 b),d) and f)). 

Melioribacter roseus which was identified as indicator species for the biochar treatment at 

fertilization lacks antecedent denitrification genes and might thus act as sink for N2O (Kadnikov et al., 

2013). In contrast Flavobacteriaceae bacterium 3519-10 and Anaeromyxobacter sp. Fw 109-5, which 

were associated with lime and control treatment, possess the whole set of denitrification genes (Graf 

et al., 2014). This observation goes in line with the hypothesis of Hagemann et al. (2016) who 

suggested promotion of complete denitrifyers and N2O reducers relying on external N2O to be a 

major driver for N2O mitigation after biochar addition. Harter et al. (2016) observed this effect in an 

incubation experiment and similarly to our experiment relative abundance of Flavobacteriaceae 

bacterium 3519-10 was significantly decreased in the biochar treatment. Yet, Pseudopedobacter 

saltans which was one of the most abundant atypical nosZ bearing bacteria and associated with the 

biochar treatment in Harter et al.(2016)  was much lower in relative abundance (up to 5%)  and did 

not show any significant treatment effect in our experiment. Unlike Harter et al. (2016) we also could 

not detect any significant treatment effects in the typical nosZ bearing bacteria and less taxa 

responded to biochar as soil amendment. Given the fact that our experiment was conducted under 

real field conditions it seems plausible that effects were less pronounced and partly superimposed by 

spatial heterogeneities. Despite dissimilarities in taxa responding to biochar addition we also found 

indications for the same functional pattern since Melioribacter roseus and Pseudopedobacter saltans 

both rely on extern N2O. Furthermore the increased abundance of N2O reducers lacking antecedent 

denitrification genes due to biochar addition was a community specific effect (Supplementary Figure 

S3).  Response of different taxa to biochar addition seems attributable to the soil inherent difference 

in community composition of atypical nosZ bearing bacteria. Since indicator species at fertilization 

were either associated with the lime and control treatment or the biochar treatment it seems 

unlikely that changes in community composition can be attributable to the liming effect of biochar 

only. Since lime treatment at fertilization was clustered between the control and biochar treatment 

other mechanism seem to contribute to differentiation of community composition of atypical nosZ 

bearing bacteria. Cornelissen et al. (2013) proved the general potential of N2O sorption onto biochar. 

Increased retention time of N2O in soils due to biochar addition seem one possible mechanism which 

could explain promotion of specialized N2O reducers.     

Although decreased N2O emissions and a differentiation in atypical nosZ bearing bacteria 

after fertilization in the first year after biochar application was observed we don`t know whether this 

effect holds true for subsequent vegetation periods. The fading effect on atypical nosZ bearing 
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bacteria at harvest might be due to decreased N turnover. But also the transient nature of the 

biochar might have decreased functional impact on N2O reducers and N2O emission (Quilliam et al., 

2012). To solve this open question long term field experiments for more than one year investigating 

the impact of biochar on N2O emission are needed.  
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Supplementary Figure S1: N2O emissions during vegetation period of Zea mays after addition of biochar and 
lime in comparison to the control (modified after Hüppi et al 2015). Colored lines represent means (n=3) and 
gray area standard errors. Soil sampling and fertilization events are indicated by vertical lines.  
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Supplementary Figure S2: Principal coordinate analysis (PCoA) plot based on the genetic diversity of the typical 
and atypical nitrous oxide reductase after sowing, fertilization and harvest of Zea mays. The PCoA was 
calculated using Bray-Curtis dissimilarity matrix based on the relative share of assigned gene sequences in the 
respective soil samples. Biplots also show the four most abundant gene sequences affecting ordination and the 
assigned taxa. 
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Supplementary Figure S2: Relative abundance of identified typical and atypical nosZ bearing taxa possessing 
nirS, nirK or no nitrite reductase (no nir) in control biochar and lime treatment at the different sampling dates. 
Taxa with unknown genetic capability for nitrite reduction are summarized in “not assigned”. Data was 
obtained by checking presence of nirS and nirK sequences in the genomes of the identified taxa on the base on 
data provided by Graf et al. (2014).  
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Supplement Table S1: Master mixes and temperature protocols used for functional gene quantification 

Target gene Reaction mixture Volumes [µl] Thermal profile Reference 

APA9 Kapa SYBR®Fast qPCR Kit Master 
Mix (2X) Universal  
 
APA9_F (2 µM) 
APA9_R (2 µM) 
 
DNA - template 

5 
 
 

2 
2 
 

1 

 
95°C – 10` 
52°C - 30 ` 

 
35 cycles 

Modified after 
(Thonar et al., 
2012) 

atypical nosZ Kapa SYBR®Fast qPCR Kit Master 
Mix (2X) Universal  
 
nosZ-II-F (10 µM) 
nosZ-II-R (10 µM) 
DMSO 
PCR water 
 
DNA - template 

5 
 
 

1 
1 

0.4 
1.6 

 
1 

 
 95°C – 15` 
54°C – 30` 
72°C – 30` 
80°C – 10` 

 

40 cycles 
Modified after  
(Jones et al., 
2013) 

typical nosZ Kapa SYBR®Fast qPCR Kit Master 
Mix (2X) Universal  
 
nosZ2R (5 µM)                                                                                  
nosZ2F (5 µM) 
PCR water 
 
DNA - template 

5 
 
 

1 
1 
2 
 

1 

95°C – 10` 
65-60°C – 20` 
80°C – 15` 
 
95°C – 15` 
60°C – 15` 
80°C – 15` 

 
6 cycles 
 
 
 
35 cycles 
 

Modified after 
(Babić et al., 
2008) 

 

 

Supplement Table S2. Primers used for quantitative PCR  

Target gene Primer Sequence 5`- 3` Amplicon size (bp) Reference 
APA9 APA9_F 

APA9_R 
GGG GTT TCT ACT GGT GGT 
CCC CTC KGS AAA GCC TTC TTC 80 Thonar et al. (2011) 

atypical nosZ nosZ-II-F 
nosZ-II-R 

CTI GGI CCI YTK CAY A 
GCI GAR CAR AAI TCB GTR C 690-720 (Jones et al., 2013) 

typical nosZ nosZ2F 
nosZ2R 

CGC RAC GGC AAS AAG GTS MSS GT 
CAK RTG CAK SGC RTG GCA GAA 267 (Henry et al., 2006) 

 

 

Supplement Table S3. Standard plasmid and source of standard  

Target gene Plasmid Source of standard Size of insert 
APA9 Pjet 1.2 African cassava mosaic virus 945 
atypical nosZ pEX-A Gemmatimonas aurantiaca 800 
typical nosZ pCR4-TOPO Ensifer meliloti 1021 1884 
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Supplementary Table  S4. Thermal profiles, master mixes and primer sequences used for amplicon generation 
from soil DNA extracts for Illumina sequencing 

typical nosZ atypical nosZ 
thermal profile 

95 10 min  95 10 min  
      

95 15 sec 
30x 

95 15 sec 
30x 60 20 sec 54 30 sec 

72 40 sec 72 30 sec 
      

72 3 min  72 3 min  
      

master mix (25µl) 
reagent volume (µl) reagent volume (µl) 

Kapa Sybr Mix 2x 12.5 Kapa Sybr Mix 2x 12.5 
nosZ_1F (5 µM) 2 nosZ-II_F (10 µM) 2 
nosZ_2R (5 µM) 2 nosZ-II_R (10 µM) 2 

T4 gp 32 (0.5 
µg/µl) 0.5 T4 gp 32 0.5 

Tris (10mM) 5 Tris (10mM) 5 
Sample ( ~1ng/ul) 3 Sample ( ~1ng/ul) 3 

    
primer sequences 

nosZ_1F nosZ-II_F 
CS1tag – CGCTSTTYMTIGAYAGYCAG 

(Jones et al., 2014) 
CS1tag – CTIGGICCIYTKCAYAC 

(Jones et al., 2013) 
nosZ_2R nosZ-II_R 

CS2tag – CAKRTGCAISGCRTGGCAGAA CS2tag - GCIGARCARAAITCBGTRC 
modified after (Henry et al., 2006) (Jones et al., 2013) 
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Discussion 

Using molecular tools to assess microbial N2O production and reduction  

In order to investigate the functional impact of N cycling bacteria on N2O emissions different 

methods where used in the course of this thesis. In all experiments functional genes involved in N 

cycling had been quantified using the qPCR approach. On a DNA level this approach can determine 

the genetic potential of a microbial community to perform a specific process. Quantification of 

functional genes on the mRNA level results in a measure of activity, which is considered as a more 

precise estimate of functionality (Philippot and Hallin, 2005). In a simplified view functional genes are 

prerequisites for any enzyme-catalyzed reaction and the abundance of functional genes should 

therefore correlate to process rates. Yet, a recent meta-analysis showed that in many environments 

a direct relationship between the size and activity of the functional community and process rates was 

missing (Rocca et al., 2015; Henderson et al., 2010; Dandie et al., 2008). The relationship can be 

obscured by various factors including availability of substrates, PCR biases and primer design (Bier et 

al., 2015). Nevertheless, several studies successfully linked functional gene abundance and/or 

activity with process rates in N cycling (Chen et al., 2015; Theodorakopoulos et al., 2017; Miller et al., 

2009) and the meta-analysis approach revealed significant correlations for N cycling gene with 

process rates in an agricultural context (Rocca et al., 2015). This is most likely due the inherent need 

for N fertilization in agricultural systems, which impedes N shortage as limiting factor for microbial 

growth. The explanatory power of functional gene analysis in relation to process rates also depends 

on prevailing redox conditions and the availability of a carbon source. Correlating N2O emissions and 

functional gene and/or transcript abundance is especially challenging since both parameters are 

measured on different scales. While measured N2O fluxes are a result of spatial integration, microbial 

activity leading to N2O production and reduction are often restricted to hotspots within the soil 

profile (Groffman et al., 2009). The kinetics of N2O efflux from the soil profile can be significantly 

affected by water content and soil texture and thus further hamper direct comparison to functional 

gene analysis (Clough et al., 2005). In incubation experiments the kinetic effects of soil heterogeneity 

on N2O effluxes is often minimized by prevenient sieving and homogenization of the soil samples. 

For comparison of functional gene analysis and N2O emissions experimental conditions must 

be carefully evaluated. In Chapter 1 functional gene analysis on DNA level could be successfully 

linked to N2O production in an experimental setup in which fertilization with different N sources and 

rather oxic conditions enabled simultaneous occurrence of nitrification and denitrification processes 
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at different microsites (Davidson et al., 1986; Kool et al., 2011). In this setup fertilization treatment 

affecting substrate availability was the major factor controlling N2O production and reduction 

processes. While the abundance of, mainly autotrophic, ammonium oxidizing bacteria correlated 

with N2O emissions after addition of NH4
+, the abundance of nitrous oxide reducers negatively 

correlated with N2O emission when NO3
- was present and organic carbon was added during 

fertilization. The fact that changes in nirK and nirS bearing communities could not be correlated with 

N2O fluxes might be partly explained by methodological issues in primer design. It was shown that 

the primer pairs commonly used for nirS and nirK quantification do not cover the total N2O producing 

community (Wei et al., 2015). When assessing changes in abundance of heterotrophic communities 

in short term experiments the availability of a carbon source is of immanent importance. In Chapter 

3 a carbon source was added and changes in denitrifier abundances could be linked to N2O 

emissions. In contrast, the experimental setup in Chapter 2 did not allow addition of a carbon source 

in order not to mask farming system induced differences in SOC contents. Consequently, functional 

gene abundance of denitrifying marker genes was not a suitable measure to predict N2O emissions. 

Under C limiting conditions analysis of denitrifying genes on the mRNA level was a better predictor 

for N2O emissions, proofing higher sensitivity of this parameter. In line with this several studies 

showed mRNA analysis to outcompete plain quantification of N cycling genes in predicting process 

rates (Chen et al., 2015; Dandie et al., 2011; Theodorakopoulos et al., 2017; Henderson et al., 2010). 

Under controlled conditions in short term experiments functional gene analysis on RNA level seems 

to be the methods of choice when assessing the functional impact of microbial communities on 

process rate in N cycling. Under field conditions however, soil heterogeneity might additionally 

impede meaningful quantification of gene expression. Due to extremely variable mRNA yields across 

sampling dates and sampling plots quantification of gene expression in the biochar field experiment 

did not result in robust results (Chapter 4). Across the vegetation period, quantification of functional 

genes on a DNA base proofed as a more stable and reliable measure to assess the functional impact 

of N2O reducing bacteria. Addressing the temporal issue, mRNA might be used to track short term 

response of functional communities under controlled conditions quantification of gene abundance 

seems to be more reflective for microbial processes performance across longer time periods (Rocca 

et al., 2015). It also needs to be noticed that due to sensitivity of mRNA and the complex 

methodological procedure quantification of functional gene expression is challenging and robust 

results cannot always be obtained. Despite publication bias there is a number of studies that failed in 

quantifying functional gene expression (Dandie et al., 2011; Sharma et al., 2006; Liu et al., 2010).  
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On top of PCR based quantification of functional genes Illumina sequencing was applied in 

order to identify the effect of biochar addition on community structure of N2O reducers in a field 

experiment. Comparing relative abundance of single species enabled a new level of understanding 

the functional impact of biochar on N2O reducing microbial communities. However, assessing the 

structure of functional communities via sequencing approach is prone to the same PCR and primer 

related biases as the qPCR approach (Schirmer et al., 2015). It also needs to be noticed that when 

working with functional genes data base quality is a major issue which can significantly bias results of 

mapping (Petrenko et al., 2015). Furthermore, due to horizontal gene transfer it hard to prove that a 

gene specific gene fragment actually appears in the assigned species. Although sequencing 

approaches have to deal with inherent weaknesses the capability of these methods to characterize 

whole microbial communities clearly outcompete other fingerprinting methods (e.g. PLFA) which are 

frequently used in agro-ecological research.  

Comparing insights from incubation trials with long term N2O measuring 

campaigns in the field 

In this thesis the functional role of microbes involved in N2O production and reduction under 

different soil management strategies was assessed. For all soil management practices incubation 

experiments under controlled conditions were conducted (Chapter 1-3). These experiments 

complemented long term field campaigns measuring N2O emissions in situ and aimed at increasing 

our understanding of the functional role of microbes under different soil management strategies. 

Long term field measurements are ultimately needed in order to proof N2O mitigation under field 

conditions and recommend specific soil management practices as effective tools for N2O mitigation. 

In the following the results of the long term N2O measurement campaign for the soil management 

practice investigated in this thesis will be put in context with results obtained by analyzing functional 

microbial communities involved in N2O production and reduction. 

 In the Frick tillage field trial N2O emissions were quantified during two cropping seasons 

including the cultivation of grass-clover and winter wheat in 2014 and 2015. During this period 

reduced tillage did not significantly lower cumulated N2O emissions (Krauss et al., submitted). In line 

with this negligible changes in N2O emission had been observed in other field trials comparing 

reduced and conventional tillage systems (Parkin and Kaspar, 2006). The results of the Frick 

campaign further strengthen the findings of a recent meta-analysis that revealed no significant 

difference of no-till or reduced tillage system on N2O emission across 293 pairwise comparisons (van 
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Kessel et al., 2013). Yet, it needs to be noticed that the effect of tillage intensity on cumulated N2O 

emissions across cropping seasons might be strongly affected by weather conditions (Gregorich et 

al., 2005) and type of fertilizer application (Venterea et al., 2005). It was proposed that reduced 

tillage intensity has the potential for reducing N2O emissions only when it is applied for more than 10 

years (van Kessel et al., 2013). It was hypothesized that within this period soil structure improves by 

biological stabilization of soil aggregates which in turn lead to increased soil aeration and lower 

susceptibility for denitrifying conditions (Six et al., 2004). The field campaign in Frick was conducted 

10 to 12 years after establishment, but it well might be that stable soil aggregates are still 

developing. Still increasing SOC contents in the upper soil layer indicate that a new equilibrium hasn`t 

been reached yet and changes in SOC related soil properties can still be expected (Krauss et al., 

submitted). Furthermore, extremely high clay content at the field trial in Frick might mask 

improvements in soil structure and prolong timespan till increased soil aeration can become 

effective. The N2O mitigation potential of reduced tillage seems to be limited, especially as it requires 

long term application to became effective. The benefits of this soil management practice are mainly 

presented by a lower susceptibility to soil erosion and in maintaining soil quality. Nevertheless, we 

showed that reducing tillage intensity affects soil geochemical parameters as well as genetic 

potential of functional N cycling communities in dependency of soil depth. Since increased 

abundance of nosZ bearing bacteria was detected in the upper soil layer under reduced tillage in our 

incubation experiment we hypothesized that this soil layer holds an increased potential to reduce 

N2O emissions (Chapter 1). The results from a recent incubation study observing enhanced N2 

formation in a C enriched upper soil layer compared to lower soil layers provides further support for 

this hypothesis (Kuntz et al., 2016). Also in line with this, placement of N fertilizers in a depth below 5 

cm was shown to reduce N2O emissions under reduced tillage (van Kessel et al., 2013). Seemingly 

increased retention time of N2O in the soil can increases probability of microbial N2O reduction 

especially when passing through C enriched upper soil layers.  Consequently, the interaction between 

different mechanisms of N2O production and reduction in the upper and lower soil layer need to be 

considered when assessing the functional impact of reduced tillage on N2O emissions. After addition 

of NH4
+ containing fertilizers we observed increased potential of N2O production in the lower soil 

layer under reduced tillage (Chapter 1). This is in line with increased abundance of nitrifiers and a 

positive correlation of bacterial nitrifiers with N2O emissions indicated nitrification as main source for 

N2O emissions. Increased abundance of nitrifiers under reduced tillage intensity was already 

reported in another studies (Li et al., 2015; Attard et al., 2010), but we were able to link this with 

increased N2O emission potential via nitrification. The mechanism behind enhanced nitrification 

under reduced tillage intensity is still unclear. Soils under reduced tillage were reported to possess 



Discussion 

141 

enhanced potential for mineralization of complex organic crop residues (Kainiemi et al., 2013). This 

might facilitates a steady supply of NH4
+ and foster the abundance of nitrifiers. In line with this 

mineralization rates were the best predictor for enhanced abundance of nitrite oxidizing bacteria in 

an incubation experiment comparing different tillage strategies (Attard et al., 2011). However, under 

reduced tillage systems mineralization of crop residues would mainly occur in the upper soil layer 

and mineralization potential of lower soil layers had not been investigated yet (Kainiemi et al., 2013). 

It is also discussed whether enhanced mineralization potential of soils under reduced tillage translate 

to field conditions since mineral N concentrations in spring under reduced were often found to be 

lower compared to conventionally managed soils. This was ascribed to higher bulk densities in 

reduced tillage system leading to a delayed warming of the soil and thus retarding mineralization 

process (Mäder and Berner, 2012). However, the agronomic approach of quantifying concentration 

of mineral N seems not to be the best predictor for quantification of mineralization rates since 

production and consumption rates cannot be estimated. Summarizing, we found indications that 

microbial mechanism of N2O production and reduction change with soil depth due to decreased 

tillage intensity. Increased N2O production in the lower soil layer and enhanced N2O reduction in the 

upper soil layer under reduced tillage under field conditions might have counteracted, which could 

explain negligible effect of reduced tillage on N2O emission. Additionally, N2O emissions from lower 

soil layers in the field might not become as effective as suggested by the incubation experiment since 

lower soil layers did receive direct N fertilization. 

 In the DOK trial N2O emissions had been quantified from August 2012 till March 2014. The 

field trial compares organic and conventional farming systems since 1978. The N2O measuring 

campaign included the cultivation of grass-clover, maize and green manure. During this period area 

scaled N2O emission from organically managed soils were ~40% lower compared to their 

conventional counterparts (Gattinger et al., submitted). However, due to the yield gap of organic 

system the yield scaled N2O emissions between both systems were comparable (Gattinger et al., 

submitted). The results from the DOK field campaign match with a recent meta-analysis in which 

lower area scaled N2O emissions in organically managed soil compared to conventionally managed 

soils were found among 19 studies worldwide (Skinner et al., 2014). This global effect was ascribed to 

lower fertilizer N inputs in organic systems and the use of organic fertilizers which retard the release 

of inorganic easily available N. In contrast to conventional systems the fraction of fertilizer N emitted 

as N2O in organic system is extremely variable and thus N fertilization rates did not correlate with 

N2O emissions (Skinner et al., 2014). This highlights that due to crop rotation and organic N 

fertilization soil N cycling in organic systems is more complex and thus N2O emissions are harder to 
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predict. During the vegetation period of the long term N2O measuring campaign in the DOK trial the 

organic treatment received 182 kg-N ha-1 in the form of slurry and composted manure (Gattinger et 

al., submitted). This is somewhat extraordinary since it exceeded N addition in the conventional 

system which received 170 kg –N ha-1 in the form of calcium ammonium nitrate. Decreased 

bioavailability of N in the organic system thus seems to be a major cause for reduced area scaled N2O 

emissions in the organic systems. N cycling and thus N2O emissions in organic systems might also be 

affected by elevated soil organic C contents (Gattinger et al., 2012). It is often assumed that provision 

of a C source fosters denitrification rates and thus N2O emissions (Morley and Baggs, 2010). In line 

with this increased SOC contents in organically managed soils coincided with elevated NO3
- 

consumption and higher N2O emissions in our incubation experiment (Chapter 2). However, it needs 

to be noticed that experimental conditions aimed at assessing the potential of organically and 

conventionally managed soils for which NO3
- was provided in excess in all systems. Results are 

therefore not directly comparable to field conditions where NO3
- addition to organically managed soil 

is not an option. The situation of high NO3
- loads coinciding with high SOC contents would only occur 

after conversion from an organic to a conventional system. The results from our incubation 

experiment thus suggest that increased N2O emissions can be expected after such a change in 

management practice (Chapter 2). Lower N2O emissions during the field campaign suggest that the 

increased potential for N2O emissions in organically managed soils was counterbalanced by 

decreased bioavailability of N. It was also argued that increased SOC contents might foster N2O 

reduction and thus lower N2O emissions (Miller et al., 2009). Especially under NO3
- limited conditions 

high availability of C shifts denitrification end product toward N2 since the kinetic unfavorable 

process of N2O reduction is performed by bacteria capable of complete denitrification in order to 

compensate shortage of NO3
- as electron acceptor (Senbayram et al., 2012). N2O/(N2O +N2) product 

ratios are also affected by the speciation of low molecular weight C sources and greater N2O 

reduction was observed after the addition of citric acid compared to glucose or glutamine (Giles et 

al., 2017). In our incubation experiment organically managed soil showed greater SOC contents but 

netto N2 production did not differ compared to conventionally soil (Chapter 2). The relative 

importance of complete denitrification even was enhanced in conventionally managed soils as 

indicated by lowest N2O/(N2O+N2) product ratios and significantly increased expression of nosZ 

directly after fertilization. Unfortunately, we could not investigate the impact of farming system 

induced differences in SOC contents on N2O/N2O+N2 product ratios under field conditions as several 

attempts to quantify 15N2 failed due to concentrations below detection limit. We assume that during 

the experimental period low water contents in the field prevented denitrifying conditions till 15N 

label was leached or assimilated by plants and/or microbes. Apart from the complex impact of NO3
- 
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and SOC contents on N2O/(N2O+N2) product ratio, in our incubation experiments we also observed 

long term application of organic soil management practice to ensure the functionality of the nitrous 

oxide reductase by maintaining stable soil pH. In the unfertilized control which never received any 

fertilization or liming a pH below 6 was reported and N2 production was impeded. Most likely this 

was due to a posttranscriptional effect of low pH on the nitrous oxide reductase impeding correct 

folding and thus functionality of the enzyme (Liu et al., 2014). Conventional soil management 

practice relied on addition of calcium ammonium nitrate and repeated liming treatments in order to 

ensure stable pH and thus active N2O reduction (Chapter 2). This underlines the potential of organic 

soil management practice to maintain soils function as sink for N2O on the long term. Summarizing, 

despite inducing increased potential for N2O emissions organic farming systems can be considered as 

suitable strategy to mitigate N2O emissions mainly due to provision rather stable N species during 

fertilization and long term stabilization of soil pH. Additionally, fertilization of organic systems with 

high loads of mineral N, as it would be the case after reconversion to a conventional system, most 

likely would result in high N2O emissions and cannot be recommended in terms of climate smart 

agricultural practice. 

In the Biochar field trial at Agroscope Reckenholz N2O emissions were monitored across one 

cropping season under the cultivation of maize in 2015. Biochar addition reduces N2O emissions by 

52%, but due to high spatial variability in the liming treatment the liming effect of biochar on N2O 

emissions could not be clearly resolved (Hüppi et al., 2015). Nevertheless, the results of the field 

campaign further corroborated findings of a meta-analysis emphasizing biochars potential to reduce 

N2O emissions by an average of ~50% across 32 studies (Cayuela et al., 2013). In our incubation 

experiment we could link the abundance and activity of N2O reducers to decreased N2O emissions 

under denitrifying conditions (Chapter 3). Since then a biochar induced increase in size and activity of 

N2O reducers has also been confirmed by other studies (Van Zwieten et al., 2014; Xu et al., 2014), 

while in a long term field study this effect could not be confirmed (Hagemann et al., 2016b). It was 

hypothesized that specialized N2O reducers lacking the genetic capability to produce N2O play a 

major role in N2O mitigation after biochar addition by fostering N2O reduction (Hagemann et al., 

2016a). Such a shift in community composition of N2O reducers was already observed in short term 

incubation trial (Harter et al., 2016b). Although we could observe a similar functional shift for 

atypical nosZ bearing bacteria the effect was fading toward the end of the cropping season (Chapter 

4). This raises the question whether the transient nature of the biochars impedes N2O reduction in 

arable soils on the long term (Quilliam et al., 2012). On the contrary, it was shown that biochar has 

the potential to reduce N2O emission 3 years after incorporation (Hagemann et al., 2016b). Although 
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the liming effect of biochar on N2O emissions could not be resolved in the field campaign the shift in 

community composition of N2O reducers after biochar addition was beyond sole effect of liming. This 

suggests pH not to be the only mechanisms affecting N2O community composition in biochar 

amended soil. One of the most promising hypothesis describing the mode of action of N2O mitigation 

in biochar amended soils involves physical entrapment of N2O and N2 linked to increased activity of 

N2O reducers (Harter et al., 2016a). By retarding release of N2O to the atmosphere biochar assists in 

increasing the availability of N2O for specialized N2O reducers which lowers N2O/(N2O+N2) product 

ratio. However, it needs to be noticed that not all biochars possess the same potential to reduce N2O 

emission and there are field trials in which incorporation of biochar showed negligible effects on N2O 

emissions (Verhoeven and Six, 2014; Scheer et al., 2011). Also the issue of N2O entrapped by biochar 

raises the question of possibly enhanced pulse emission after soil disturbances like soil tillage. 

Nevertheless biochars potential to reduce to mitigate N2O emissions was repeatedly demonstrated 

(van Zwieten et al., 2010; Singh et al., 2010; Spokas and Reicosky, 2009) and therefore should to be 

seriously considered as soil management practice for the mitigation of agricultural N2O emissions.  

Soil management practice as tool for N2O mitigation 

A wide range of soil management strategies had been proposed to decrease N2O emissions (Table 1).  

Although there are several strategies for N2O mitigation from agricultural soil effectivity of most of 

the proposed strategies can be strongly affected by pedoclimatic conditions in a given location and 

thus exact N2O mitigation potentials are hard to quantify. Many strategies aim at increasing nitrogen 

use efficiency of agricultural systems (Reay et al., 2012). For this purpose decreasing the amount of 

mineral N in agricultural system is a key aspect which can be achieved by adapting timing of 

fertilization to plant needs, decreasing the total amount of fertilization and the use of organic or slow 

release N fertilizers (Venterea et al., 2012). Nitrogen use efficiency of agricultural systems can also be 

enhanced by improving crop rotations, e.g. via incorporation of cover crops and legumes (Smith et 

al., 2015) or by breading and cultivation of nitrogen efficient crop species (McAllister et al., 2012). As 

discussed before reducing tillage intensity may provide several benefits for soil quality and physical 

soil protection, but its effectivity as N2O mitigation strategy seems rather limited. This is especially 

true since N2O mitigation in reduced tillage systems seems to become only effective on the long term 

(Six et al., 2004). Organic farming systems combine several of the proposed N2O mitigation strategies 

like the use of organic N fertilization and incorporation of legumes and cover crops in the crop 

rotation. Although these practices are not exclusive for organic agricultural practice they are core 
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principles that should be applied in all organic systems. It therefore seems reasonable to assume that 

organic agricultural systems provide a valuable contribution for N2O mitigation in agricultural 

systems. Nevertheless, high yield scaled N2O emissions in organic systems emphasize the need for 

additional management practices enhancing N2O mitigation from agriculturally managed soils. 

Table 2: Potential N2O mitigation strategies for arable soils  

management practice reference 

Adjustment of N fertilization rate to crop needs (Venterea et al., 2012) 

Optimized timing and placement of N fertilization (Roy et al., 2014) 

Slow release or organic fertilization (Venterea et al., 2012) 

Integration of cover crop and legumes in the crop rotation (Smith et al., 2008) 

Cultivation and breading of crops with high nitrogen use efficiency (McAllister et al., 2012) 

Reducing tillage intensity (van Kessel et al., 2013) 

Amendment of biochar (Cayuela et al., 2013) 

Liming treatment (Baggs et al., 2010) 

Use of nitrification inhibitors (Ruser and Schulz, 2015) 

Inoculation with N2O reducers (Itakura et al., 2013) 

 

Several soil amendments were proposed to strengthen N2O mitigation potential like nitrification 

inhibitors, liming treatments, biochar or inoculation with N2O reducing bacteria (Baggs et al., 2010; 

Itakura et al., 2013; Ruser and Schulz, 2015; Woolf et al., 2010). The use of chemical nitrification 

inhibitors, like DMPP, aims at preventing formation of NO3
- and thus reduces leaching and formation 

of N2O via denitrification (Ruser and Schulz, 2015). Although the impact of these products on soil 

microbiology is poorly understood, since September 2016 the use of a nitrification inhibitor 

containing DMPP is part of the Swiss national strategy for climate protection 

(www.bafu.admin.ch/klima/). It needs to be noted that biological nitrification inhibitors were already 

identified e.g. in the form of root exudates from sorghum and rice (Zakir et al., 2008; Sun et al., 

2016). Breading for crop releasing biological nitrification inhibitors would allow indirect 

manipulations of soil NO3
- concentrations. Up to date research on this topic is scarce but biological 

inhibition of nitrification could be an interesting option to lower N2O emissions also for organic 

agricultural systems. This is especially interesting for reduced tillage systems were the effect of 

enhanced nitrification potential in the lower soil layer might be diminished by root exudates 

inhibiting nitrification. Since nitrification is a major process contributing to soil acidification 

nitrification inhibitors might indirectly lower N2O/(N2O+N2) product ratios emissions by preserving a 
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stable soil pH (Ruser and Schulz, 2015). Commonly for this purpose liming treatments in agricultural 

soils are employed to maintain a soil pH of ~6.5. Under slightly acidic conditions availability of 

different nutrients is considered to be best balanced which positively affects crop performance 

(Goulding, 2016). However, due to economic constrains liming treatment in agricultural practices are 

not always conducted and often soils are managed at suboptimal pH levels (Goulding, 2016). Due to 

dysfunctionality of the nitrous oxide reductase acidic soil are more susceptible to high N2O fluxes (Liu 

et al., 2014; Baggs et al., 2010). In Chapter 2 it was shown that effect can be caused by missing soil 

management practice. Consequently, maintaining a stable soil pH not only enhances crop 

performance but should be also considered as key aspect for a climate smart agricultural practice. 

However managing  soil pH by addition of CaCO3 was sometimes argued to result in dissolution of 

CO2 and thus increase total GHG emissions from soils (West and McBride, 2005). However this effect 

is not straightforward and liming action as sink for CO2 due to enhanced autotrophic activity has also 

been suggested (Hamilton et al., 2007). Similar to liming treatments biochar as soil amendment can 

also increase soil pH. A recent study suggests that the liming effect of biochar plays a major role in 

lowering N2O/(N2O+N2) product ratios (Obia et al., 2015). In addition biochar was shown to retard 

release of N2O and N2 emissions by physical entrapment and stimulate activity of specialized N2O 

reducers (Harter et al., 2016a), indicating increased soil pH seems not to be the only mechanisms 

involved in reduction of N2O emissions from soils. Among the three soil management practices the 

amendment of biochar resulted in greatest reduction of N2O emissions. Although certified biochars 

are allowed in conventional agricultural practice at least in Switzerland biochar was not included in 

the permitted resources which can be used in organic agricultural practice in 2017 

(www.betriebsmittelliste.ch). For the further development of effective N2O mitigation strategies the 

use of biochar should be combined with other proposed strategies. Biochar ability to enhance N2O 

reduction also goes in line with the review of Thompson et al. (2012) who suggested that promotion 

of biological N2O reduction is the most promising approach to mitigate N2O emissions from 

agricultural systems. It was argued that due to the inherent need for N fertilization in agricultural 

system soil management practices which completely eliminate N2O production might not be possible 

to develop (Thomson et al., 2012). The fact that N2O can be produced by several biotic and abiotic 

processes and the phylogenetically widespread ability among microbes to produce N2O adds further 

complexity to the task of reducing N2O emissions by minimizing N2O production (Butterbach-Bahl et 

al., 2013; Wei et al., 2015; Philippot et al., 2007). In all experiments conducted within this thesis the 

abundance, activity or community structure of N2O reducing bacteria could be related to the 

magnitude of N2O emission under different soil management practices. This highlights that the 

functioning of N2O reducers is highly susceptibility to management induced changes in soil physics 
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and chemistry and therefore strengthens viability of the N2O mitigation approach focusing on 

biological N2O reduction. Direct inoculation of N2O reducers might also be an option for N2O 

mitigation since the nosZ overexpressing bacterium Bradyrhizobium japonicum and the non-

denitrifying but N2O reducing bacterium Dyadobacter fermentans were already shown to decrease 

N2O emissions (Itakura et al., 2013; Domeignoz-Horta et al., 2016). However, inoculation of microbial 

strains or populations often show only transient effects (Trabelsi and Mhamdi, 2013). Competition 

for substrate and habitat were identified as major challenges preventing long term functioning of the 

inoculated microbes (Trabelsi and Mhamdi, 2013). The use of biochar as carrier material for N2O 

reducing microbes might to some extend overcome this issue by providing additional habitat and 

provision of N2O by physical entrapment. Biochar has been already used as carrier material for 

Enterobacter cloacae and prolonged survival of this strain significantly (Hale et al., 2014). So far no 

research has been published on biochar inoculation with bacterial strains involved N2O reduction. By 

minimizing competition during the establishment of an active N2O reducing community this approach 

might further enhance N2O reducing capacity of biochar amendments.  
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Summary 

In this thesis the effect of reduced tillage, organic farming systems and biochar amendment on the 

functioning of N2O producing and reducing microbial communities had been investigated. The key 

insight in microbial mechanism of N2O production and reduction can be summarized as follows: 

 Tillage system affects fertilizer induced N2O emission in dependency of soil depth. 

Increased potential for N2O production via nitrification in lower soil layers under 

reduced tillage and indication for enhanced N2O reduction in the upper soil layer 

under reduced tillage had been observed.  

 Organically managed soils possess enhanced N2O emission potential but ensured 

sustainable functionality of the nitrous oxide reductase.  

 For climate smart agricultural practice maintaining a soil pH above ~6 is a key aspect in 

order to enable active N2O reduction. 

 The ability of biochar to reduce N2O emission is linked to the activity and structure of 

the denitrifying microbial community. 

 A community shift of N2O reducing bacteria towards specialized N2O reducers along 

with reduced N2O emissions could be observed under field conditions across one 

vegetation period.  

 Across all experiments the functioning of N2O reducers was susceptible to changes of 

soil management practice. This strengthens the theory that promotion of complete 

denitrification is one of the most promising approaches to reduce N2O emissions from 

agriculturally managed soils.    

Outlook 

For the further development of climate smart agricultural practice combinations of different N2O 

mitigation strategies seem promising but were rarely investigated. In the following a list of possible 

combinations is presented along with a brief discussion on possible experimental setups. 

 Biochar as carrier for the inoculation with N2O reducing strains or communities 

In order to test the N2O mitigation potential of inoculation of N2O reducers combined with biochar 

amendment the first step would be to perform a literature review to identify suitable bacterial 
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strains which efficiently reduce N2O. In a next step pure culture studies combined with quantification 

of N2O and N2 emissions would be needed in order to quantify N2O reduction potential. Since 

inoculation of communities were proven to enhance resilience of functionality in microbial 

inoculation a second step could be to test N2O reduction of more complex communities under 

laboratory conditions. The most promising strains or communities could be tested for functionality 

and longevity in pot trials under controlled conditions. Therefore a method of establishing the 

desired community on the biochar surface as well as the development of strain specific qPCR assays 

would be needed. The last step would be test the method of inoculation under field conditions in a 

field experiment which monitors greenhouse gas emissions across longer periods.  

 The impact of soil tillage on N2O pulse emissions in biochar amended soils 

The fact that biochar was shown to physically retain N2O within the soil raises the question of N2O 

pulse emissions after tillage operations. Quantifying such pulse emissions would be crucial in order to 

calculate N2O mitigation potential in biochar amended soil across several cropping seasons. The most 

common approach to measure N2O emissions in the field is the static chamber approach which 

requires fixed installation of equipment in the field. For tillage operation such an approach is not 

suitable since disturbance of the soil structure almost certainly would yield in direct release of 

entrapped N2O. One possible approach could be N2O quantification via eddy-covariance 

measurements. This laser-based method is designed to measure greenhouse gas fluxes on an 

ecosystems scale but cannot differentiate in between different treatments in the commonly used 

plot designs. This problem could be overcome by performing soil tillage in the different treatments at 

different days. The fact that reduced tillage systems only superficially work the soil surface in a non-

turning manner might proof synergistic for N2O release after tillage in biochar amended soils. By 

reducing tillage intensity release of N2O after tillage operation might be minimized.  

 Biochar amendments in organic agricultural systems 

Amendment of biochar in organically managed soils might further reduce N2O emissions in these 

systems. However in order to be officially considered as soil amendment in organic agricultural 

practice in Switzerland further research on possible negative side effects on soil quality like 

accumulation of PAH and heavy metals is needed. Incubation trials under controlled conditions might 

be useful to determine to which extend biochar amendment can reduce N2O emissions in organically 

managed soil. These experiments could also provide further information about risk assessment of 

biochar amendment in organic farming systems and thus contribute to the approval of biochar in 

organic agricultural systems   
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