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Linking N2O emissions from biochar-amended soil
to the structure and function of the N-cycling
microbial community
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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.
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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 (4400 m2 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 319 ppb has increased by 49 ppb 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 2 mm
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 1 mm and
2 mm 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 500 ml 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 (555 mg kg�1 as molasses),
nitrogen (250 mg kg� 1 as NH4NO3), phosphorus
and potassium (150 mg kg�1 and 188 mg kg� 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
20 ml of 0.5 M 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 (mS m� 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
kg dry 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 40 ml 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 25 ml were taken every hour and transferred
into 22.5 ml evacuated sample vials using a gas-tight
syringe (1100TLL 100.0 ml 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 10 min,

cooling steps were performed on ice, and before the
elution step, filter tubes were incubated at room
temperature for 5 min. 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 RNA was 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 45 min 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 250 mg kg� 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±2.6 mg kg� 1 dry soil (control) and
113.6±15.8 mg kg�1 dry soil (10% (w/w) biochar)
to 1.2±0.06 mg kg�1 dry soil and 2.7±0.02 mg kg�1

dry soil, respectively (Figure 1a). From day
8 to day 85, nitrate concentrations stayed
below 3.7±0.3 mg kg�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±2.7 mg kg�1 dry soil and 52.4±2.1 mg kg�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-
N m�2 h�1) compared with the biochar-containing
microcosms (175±116mg N2O-N m� 2 h�1 in the 10%
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biochar-containing and 2969±554mg N2O-N m�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-N m�2 h� 1 at day 8 and
o50mg N2O-N m� 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 (555 mg kg� 1 dry soil). DOC
concentrations decreased rapidly within the first
week in all setups leveling off at an average
concentration of 119.6±22.0 mg 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±21.5 mg m� 2 h�1

to 12.6±4.0 mg m�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±7.0 mg m�2 h� 1) and further decreased to
9.8±0.5 mg m�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 kg ha�1, P: 50 kg ha�1, K: 63 kg ha�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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Figure 4 nosZ transcript copy numbers per ng RNA in the
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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.
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