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A B S T R A C T

Biochar has been shown to reduce nitrous oxide (N2O) emissions from soils, but the effect is highly variable
across studies and the mechanisms are under debate. To improve our mechanistic understanding of biochar
effects on N2O emission, we monitored kinetics of NO, N2O and N2 accumulation in anoxic slurries of a peat and
a mineral soil, spiked with nitrate and amended with feedstock dried at 105 °C and biochar produced at 372,
416, 562 and 796 °C at five different doses. Both soils accumulated consistently less N2O and NO in the presence
of high-temperature chars (BC562 and BC796), which stimulated reduction of denitrification intermediates to
N2, particularly in the acid peat. This effect appeared to be strongly linked to the degree of biochar carbonisation
as predicted by the H:C ratio of the char. In addition, biochar surface area and pH were identified as important
factors, whereas ash content and CEC played a minor role. At low pyrolysis temperature, the biochar effect was
soil dependent, suppressing N2O accumulation in the mineral soil, but enhancing it in the peat soil. This contrast
was likely due to the labile carbon content of low temperature chars, which contributed to immobilise N in the
mineral soil, but stimulated denitrification and N2O emission in the peat soil. We conclude that biochar with a
high degree of carbonisation, high pH and high surface area is best suited to supress N2O emission from deni-
trification, while low temperature chars risk supporting incomplete denitrification.

1. Introduction

Biochar has a significant potential to mitigate greenhouse gas
emissions from agriculture, both by storing carbon in soils (Lehmann
et al., 2006; Lorenz and Lal, 2014) and through mitigating N2O emis-
sions (Cayuela et al., 2014; He et al., 2017; Grutzmacher et al., 2018).
In a recent meta-analysis, Borchard et al. (2019) reported an average
reduction of N2O emission by biochar of 38 percent. This is a notable
reduction in the estimated effect strength of 54 percent from a previous
meta-analysis (Cayuela et al., 2014) and highlights the variability in
biochar effects on N2O emissions from study to study. Some studies do
not find any effect (Zheng et al., 2012; Wang et al., 2013; Case et al.,
2014; Van Zwieten et al., 2014) while others report stimulation of N2O
emissions (Yanai et al., 2007; Clough et al., 2010; Shen et al., 2014).
Despite a significant body of research on the N2O suppressing effect of
biochar, it is still not possible to predict whether the addition of a
specific biochar will have a measurable effect on soil N2O emissions for
a given combination of soil type, biochar feedstock, production method
and dose. Variable effects may be expected, given the fact that N2O is

produced by a number of abiotic and biotic reactions in soil, with mi-
crobial nitrification and denitrification considered to be the most sig-
nificant ones (Firestone and Davidson, 1989). Both processes respond
differently to changes in abiotic factors brought about by biochar in
soil, and it is unlikely that the N2O supressing effect is governed by any
singular property of the biochar. Here, we focus on denitrification and
study in detail how biochar influences the microbial turnover of NO and
N2O under anaerobic conditions.

Many studies examining the N2O suppressing effect of biochar have
focused on N2O emissions (Jia et al., 2012; Fungo et al., 2014;
Verhoeven and Six, 2014; Edwards et al., 2018), while relatively few
have addressed underlying processes (Ameloot et al., 2013; Cornelissen
et al., 2013; Nelissen et al., 2014; Obia et al., 2015; Harter et al., 2017;
Chen et al., 2018). Among the latter, studies addressing the enzymatic
reduction of N2O to N2 in denitrification are of particular interest.
Biochar has been implicated to act directly as a redox mediator sup-
porting the reduction of N2O to N2 in denitrification (Cayuela et al.,
2013) or by changing the denitrifying community composition to be
more efficient in reducing N2O (Van Zwieten et al., 2014; Harter et al.,
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2017). Others have highlighted the alkalizing effect of biochar in acid
soils as a possible explanation for increased microbial N2O reduction in
acidic soils (Obia et al., 2015; Harter et al., 2016).

Providing evidence for complete denitrification in soil is not trivial,
because quantification of N2 production requires sophisticated in-
cubation setups or stable isotope approaches. Recent studies have in-
ferred the functioning of denitrification from copy numbers of key de-
nitrification gene transcripts (Xu et al., 2012; Harter et al., 2017),
documenting increased ratios of nosZ (coding for N2O reductase) over
nirK and/or nirS transcripts (coding for NO2

− reductase), which was
taken as evidence for biochar promoting N2O reducing microorganisms.
However, primer-based studies into the composition of actively deni-
trifying communities may be biased (Roco et al., 2017) and biochar
mediated changes in the taxonomic composition of denitrifier com-
munities require time to manifest (Brenzinger et al., 2015). By contrast,
monitoring of the gaseous denitrification products can quantify direct
effects of biochar on N2O turnover by denitrification and provide va-
luable information about the stoichiometry of denitrification products
(Cayuela et al., 2013; Obia et al., 2015; Chen et al., 2018).

Nitric oxide (NO), the precursor of N2O in denitrification, is rarely
studied in the context of biochar research (Nelissen et al., 2014; Obia
et al., 2015). NO is a significant atmospheric pollutant (Molina-Herrera
et al., 2017; Pourhashem et al., 2017), but also an important signalling
molecule during the early induction of denitrification (Nadeem et al.,
2013). Therefore, studying denitrification kinetics, i.e. the sequential
production and consumption of NO and N2O and the accumulation of
the final product N2 in the presence and absence of biochar may shed
light on the underlying biochar-driven mechanisms suppressing deni-
trification-induced N2O production.

Biochars comprise a wide array of structural and chemical proper-
ties, all of which may affect the redox reactions involved in deni-
trification. The physico-chemical properties of biochar are a function of
feedstock type, pyrolysis method and pyrolysis temperature (Antal and
Gronli, 2003; Kloss et al., 2012). Increasing pyrolysis temperature de-
creases volatile matter and increases the relative content of C to O and
H in biochar. Indices such as a H:C ratio of< 0.3 of biochar have been
suggested as proxies for N2O suppressing properties (Cayuela et al.,
2015), but little is known about the actual properties responsible or
their modes of action. Increasing pyrolysis temperature also increases
ash content and aromaticity, while surface area and surface function-
ality, i.e. the capacity to donate and receive electrons, increase non-
linearly with pyrolysis temperature (Budai et al., 2014; Klüpfel et al.,
2014a). This suggests that thresholds in pyrolysis temperature with
respect to N2O suppression may exist.

Biochar properties may affect denitrification in various ways;
through sorption or desorption of NO2

− or NO3
− (Yao et al., 2012;

Hagemann et al., 2017), DOC (Lu et al., 2014) and gaseous inter-
mediates (Cornelissen et al., 2013), through increasing the activity and/
or completeness of denitrification by pH increase (Wijler and Delwiche,
1954; Bakken et al., 2012) or by redox mediation (Cayuela et al., 2013;
Klüpfel et al., 2014a; Chen et al., 2018). However, the effects may be
antagonistic, as more complete denitrification may go along with in-
creased denitrification, thus potentially nulling out N2O suppression.

The present study focuses on the effect of biochar on NO and N2O
turnover in denitrification under controlled conditions, with biochar
treatment temperature, dose and soil type being the main variables. We
used batch incubations of constantly stirred soil slurries in a helium
atmosphere to minimize matrix effects and monitored the accumulation
of gaseous denitrification products (N2, N2O, NO, CO2) at high temporal
resolution. Our objective was to elucidate how the N2O suppressive
effect of a corncob biochar, in two contrasting soils (a mineral soil and a
peat), depends on its physico-chemical properties as affected by highest
treatment temperature during pyrolysis.

2. Materials and methods

2.1. Biochars and soils

Samples of top-soils (0–10 cm) were collected from a cultivated
peatland and an acid mineral soil, classified as Hemic Histosol and
Umbric Epistagnic Albeluvisol (WRB), respectively. Soils were stored at
4 °C until experimentation and sieved to 2mm before incubation.
Table 1 gives key properties of the soils.

A series of biochars was prepared from Zea mays corncobs using
slow pyrolysis in N2 atmosphere. Methods of preparation and storage
are given in Budai et al. (2014). In brief, a heating rate of 2.5 °C min−1

was used, and highest treatment temperatures (HTT) were measured
within the 1 L retort. HTTs of samples selected for this study were 105,
372, 416, 562 and 769 °C, hereafter referred to as FS105, BC372,
BC416, BC562 and BC796. The sequence was chosen to span a wide
range of biochar key properties such as pH, CEC, volatile matter (VM)
and ash content. The biochars were crushed through a 2mm sieve and
stored dry.

Table 2 lists the biochar properties. pH(H2O) ranged from 8.8 to 10.1
and ash content from 2.1 to 4.5% w/w. Volatile matter content ranged
from 6.9 to 40.5% and the C content from 71.9 to 91.5% w/w. Less than
0.1% w/w was readily biodegradable in soil regardless of pyrolysis
temperature, as determined in a one-year incubation study (Budai et al.,
2016). The yearly mineralization rate of the remaining C pool of the
biochars was approximately 0.005 y−1. Where possible, variables were
scaled to the biochar dose added. Where this was not possible, e.g. for
elemental ratios, properties are given as single value.

2.2. Experimental design

Denitrification kinetics were studied in two separate incubation
experiments, one with each soil type. Each soil was incubated with
multiple combinations of HTT and dose, each unique combination
being represented by one incubation flask on which time-repeated
measures were carried out to determine denitrification kinetics and
derive denitrification parameters. Non-amended soils where incubated
in triplicate to judge the extent of variability in N gas kinetics in our
experimental set up. The statistical power of the experiment resides in
the controlled nature of our incubations (see ch. 2.3) which typically
guarantees high reproducibility between replicates (e.g. Obia et al.,
2015). Soils were homogenised and incubated as constantly stirred,
temperature controlled slurries to reduce matrix effects and ensure
homogeneity. Oxygen was removed effectively (data not shown) by
repeated evacuation and He-washing prior to each experiment, creating
a highly controlled experimental system for testing the effect of incre-
mental biochar HTTs and doses in two contrasting soils. This design was
chosen to focus on relative changes in denitrification responses induced
by linear changes in biochar properties. Our cross-validated partial least
squares regression (PLSR) model confirmed that there was a high

Table 1
Key soil properties. (Mean and Standard deviation n=3).

Peat Mineral soil

pH(H2O) 5.08 (± 0.00) 5.86 (±0.04)
C % 53.00 (± 0.10) 2.83 (±0.01)
N % 1.79 (± 0.04) 0.29 (±0.00)
C:N 29.53 (± 0.70) 9.87 (±0.21)
H+ (mmol/kg) 689.73 (± 9.43) 93.27 (±0.90)
Ca (mmol/kg) 314.40 (± 5.06) 44.69 (±0.68)
K (mmol/kg) 7.91 (± 0.17) 2.80 (±0.03)
Mg (mmol/kg) 68.35 (± 0.98) 2.34 (±0.03)
Mn (mmol/kg) 0.09 (± 0.00) 0.11 (±0.00)
Na (mmol/kg) 16.75 (± 0.14) 0.75 (±0.01)
CEC (cmol/kg) 1480.10 (± 21.04) 191.08 (±2.35)
Base saturation (%) 53.38 (± 0.20) 51.07 (±0.16)
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degree of predictability in denitrification response by both dose and
biochar HTT.

2.3. Denitrification kinetics

Soil-biochar mixtures were incubated as continuously stirred anoxic
slurries in 120ml serum flasks. Slurries were chosen to ensure full
mixing of biochars with the soil, to minimize diffusional constraints and
to aid equilibration of gasses between the liquid and the gaseous phase
(i.e. headspace of the flasks). After washing the slurries with helium,
headspace concentrations of O2, N2, N2O, NO and CO2 were measured
every 5 h for 182–235 h in the peat and mineral soil, respectively, using
a fully automated, temperature controlled incubation system similar to
that described by Molstad et al. (2007) with modifications documented
in Molstad et al. (2016). We varied the length of the incubations with
the aim of allowing time for treatments with lower denitrification rates
to achieve complete denitrification of soil native and added NO3

−, as
indicated by a plateau in N2 accumulation.

The flasks were incubated in a temperature controlled water bath
holding 30 flasks, continuously stirred by submersible magnetic stirrers
in a water bath. The flasks were sampled every 5 h by a hypodermic
needle operated by an auto-sampler (CTC PAL). For each sampling,
∼1ml of headspace gas is pumped to dedicated sampling loops of a gas
chromatograph (Model 7890A, Agilent, Santa Clara, CA, USA) using a
programmable peristaltic pump (Gilson minipuls3) with Marpren
tubing. The GC is equipped with a 30m PoraPLOT-U column operated
at 36 °C for separating N2O, CH4 and CO2 from bulk gases and a 30m
5Å Molsieve column operated at 50 °C for separating N2 and O2. Low
concentrations of N2O were quantified by an electron capture detector
operated at 340 °C using ArCH4 (90/10 vol%) as make up gas. CO2, O2,
N2 and high mixing ratios of N2O were quantified by a thermal con-
ductivity detector. Nitric oxide (NO) concentrations were measured by
a chemoluminescence NOx-analyzer (Model 200A, Advanced Pollution
Instrumentation, San Diego, CA) coupled inline to one of the sampling
loops of the GC. Headspace pressure was kept constant at ∼1 atm by
automatically reversing the pump after sampling and backfilling with
helium. Multiple internal standard gases were included. He-dilution
and O2/N2 leakage were evaluated in blank flasks and used to correct
the gas kinetics as described by Molstad et al. (2007). Based on the
observation that there was a significant early accumulation in N2 in our
flasks, an additional abiotic experiment with stirred biochar suspen-
sions was performed to assess desorption kinetics of residual N2 into the
He-atmosphere of the headspace as a function of biochar HTT and dose.
This experiment is described in detail in the supplementary information
(SI Section 1). Dissolution of gas and modelled desorption of N2 after
helium-washing were modelled and subtracted from the measured N2

accumulation (for details see SI Section 1).

2.4. Treatments

Soil equivalent to 1.5 g dry weight of peat and 2 g dry weight of

mineral soil was weighed into 120ml serum flasks equipped with
magnetic stirrers. Biochar was added at increasing rates of 1, 5, 10, and
20% w/w. For the peat soil an additional treatment 30% w/w was set
up because we expected that the BC effect might be masked at low
doses in the carbon rich peat. After adding 30ml of MilliQ water, the
flasks were sealed with butyl rubber septa and made anoxic by repeated
evacuation and He-filling (six times), while continuously stirring the
slurries. 10ml of degassed 4mM KNO3

− solution was added, resulting
in a final concentration of 1mM KNO3

− (40 μmol N flask−1). All flasks
were He-washed for an additional cycle before placing them in the
water bath of the incubation system which was set to 15 °C. We chose
this incubation temperature as it is closer to actual soil temperature in
the temperate region than room temperature. After 10min temperature
equilibration, excess He was released. Headspace gases (CO2, O2, NO,
N2O and N2) were monitored every 5 h until N2 accumulation levelled
off, indicating complete conversion of NO3

− to N2. After termination of
the incubation, the flasks were opened and slurry pH and residual
NO3

− and NO2
− (in the mineral soil only) were measured (SI section

2), before drying the slurries to determine dry weight soil in each
bottle.

2.5. Data analysis

Measured denitrification kinetics (Fig. S4 a, b) were used to calcu-
late a number of denitrification indices (Table 3, Fig. 1), including the
N2O product ratio, N2O/(N2+N2O), calculated as a ratio of the in-
tegrated area under the curves for N2O and N2O + N2 (Liu et al., 2010).
We refer to this index as the Integrated Product Ratio (IPR). Since the
amount of total N denitrified throughout the incubation differed be-
tween treatments, a cutoff had to be defined for calculating IPR. To
account for differences in denitrification activity between the soils, the
cut off for the peat was chosen at 20 μmol denitrified N, whereas the cut
off for the mineral soil, which was less active, was chosen at 5 μmol
denitrified N. The cut offs were chosen based on the lowest return of
total μmol N denitrified among all treatments of each soil type
throughout the full length of the incubation. Setting our limit in terms
of μmol N denitrified, and not time, allowed us to normalise the
treatments and to provide a more accurate comparison between treat-
ments within each soil type. Other indices used were maximum deni-
trification (DRmax) calculated as the maximum rate of NO + N2O + N2

accumulation and the time needed since onset of anoxic incubation to
obtain this maximum rate (TDRmax), as well as the maximum NO, N2O
and N2 concentrations reached during incubation, referred to as NOmax,
N2Omax and N2max, respectively.

2.6. Statistical analyses

In order to examine the relationship between the indices of deni-
trification and biochar properties, we used PLSR (Martens, 1987). This
method is not sensitive to issues of collinearity or autocorrelation and
avoids arbitrary variable selection. We chose to use the biochar

Table 2
Key properties of corn cob biochars used in this study. HTT - highest temperature treatment; BPCA:C - benzene polycarboxylic acid to carbon ratio, an indicator of
aromaticity; B6CA:C – benzenehexacarboxylic acid to C ratio, an indicator of condensation; aliCH:aroCH – ratio of aliphatic to aromatic CHs measured by MIR; H:C,
O:C – Elemental ratios; VM – Volatile matter; fC – Fraction of fixed carbon; Ash – Ash fraction; CEC – Cation exchange capacity; SA – Surface area. All data from Budai
et al. (2014). See Table 3 for methods of determination.

HTT BPCA:C B6CA:C aliCH:aroCH H:C O:C N:C VM fC Ash pH CEC SA

oC ratio Molar ratio % % % cmol/kg m2/g

105 18.34 0.00 4.52 1.62 0.89 0.0066 81.08 17.47 1.45 5.34 14.88 1.82
372 122.16 32.76 1.56 0.80 0.27 0.0061 40.46 57.42 2.12 8.84 14.86 1.26
416 164.16 45.01 0.75 0.59 0.17 0.0056 26.38 70.46 3.16 10.07 16.21 3.58
562 167.45 61.36 0.22 0.37 0.08 0.0083 12.66 83.94 3.40 9.36 13.46 44.93
796 192.58 136.02 0.23 0.13 0.04 0.0096 6.88 88.67 4.46 9.44 5.07 27.44
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properties as response variables and denitrification indices as in-
dependent variables, as this allowed us to examine the distribution of
treatments based on denitrification indices in the X matrix without
imposing the highly structured values describing the pyrolysis gradient.
This was appropriate since we do not intend to use the PLSR for pre-
dicting denitrification responses, but rather for exploring correlations
between denitrification indices and biochar properties. Models were
first built without the control soils, before subsequently projecting the
control soil samples into the model. In this way we show the relation of
the control soils to the biochar treatments without the lack of biochar
properties in the control soils defining the model. Model fit was judged
by comparing the calibrated and validated explained variance in Y. All
models were fit using the pls package in R (Mevik et al., 2015; R Core
Team, 2017).

3. Results

3.1. Effect of biochar HTT

In peat, the response of the IPR to biochar varied with HTT (Fig. 2a);
FS105 and BC372 strongly increased IPR at doses above 1%, BC416 had
no effect, while BC562 and 796 strongly decreased IPR. Hence, the N2O
product ratio of peat displayed a marked threshold with respect to HTT
in the range between 372 and 562 °C, where the effect shifted from
increasing to repressing N2O production relative to total denitrification.
In the mineral soil, biochars strongly reduced IPR independent of their
HTT. Only the high (20%) dose of feedstock (FS105) increased the IPR
(Fig. 2d). In non-amended controls, peat had a large innate N2O product
ratio, while mineral soil produced little N2O and had a small innate N2O
product ratio.

Biochars had little effect on the maximum denitrification rate
(DRmax) in the carbon-rich peat soil except for the two highest doses of
FS105 and BC416, which stimulated denitrification (Fig. 2b). Maximum
denitrification was reached earlier with high-temperature biochars

(Fig. 2c) in the acid peat soil. By contrast, denitrification in the mineral
soil was stimulated by low HTT biochar, particularly by BC372, and the
feedstock (Fig. 2e), without affecting the time needed to reach max-
imum denitrification activity (Fig. 2f).

Fig. 3 summarizes the effect of biochar addition on maximum N2O
and NO accumulation over all HTT treatments and doses. N2O and NO
accumulation was consistently reduced relative to the non-amended
control when biochar produced at 562 °C and 796 °C was added to ei-
ther soil, with a maximum reduction in N2O accumulation of 89% ob-
served in peat soil with 30% w/w BC796 and of 98% with 20% w/w
BC796 in the mineral soil (Fig. 3). The mineral soil accumulated ap-
proximately ten times less N2O than the peat soil (Fig. S4a, b). Inter-
estingly, even the low-temperature biochar BC372 and low doses of
FS105 reduced N2O accumulation in the mineral soil, which was not the
case for the peat (Fig. 3). Likewise, NO and N2O accumulation in re-
sponse to BC416 differed between soils. In peat, BC416 reduced NO
accumulation but had little effect on N2O, whereas the opposite was the
case in mineral soil. BC372 and FS105 stimulated N2O accumulation in
the peat but reduced it in the mineral soil except for the 20% w/w dose
of FS105. Thus, the N2O and NO response appeared to be soil depen-
dent for biochar produced at or below 416 °C.

3.2. Effect of biochar dose

In both soils, IPR responded strongly to biochar dose in the range of
1–5% w/w (Fig. 2a, d). Increasing the dose above 5% resulted in in-
creasingly smaller response, irrespective of whether the effect was an
increase or a decrease. Increasing the dose of biochar consistently de-
creased the accumulation of both NO and N2O in the BC562 and BC796
treatments of both soils (Fig. 3 a, b). BC416 varied in its effect between
the two soils, showing no dose effect on N2O accumulation in the peat
soil while showing a dose effect comparable to the high temperature
chars in the mineral soil. Higher application rates of FS105 and BC372
increased NO and N2O accumulation, particularly in the peat soil (Fig. 3

Fig. 1. Gas kinetics (a: NO, N2O, N2; b: N2O, NO + N2O + N2) and derived denitrification parameters in peat soil BC372 10% wt/wt (single bottle values). N2 values
in Fig. 1a are corrected for sampling loss, leakage and desorption whereas the transient accumulation of the intermediates NO and N2O are shown uncorrected. In
Fig. 1b both N2O and NO + N2O + N2 are corrected for sampling loss to derive the integrated product ratio (IPR) from the integrals with a cut off of 20 μmol N g dw
soil−1 total denitrification. Denitrification parameters shown in Fig. 1a are NOmax, N2Omax and N2max and in Fig. 1b, DRmax, TDRmax and IPR. The shading signifies the
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a, b).

3.3. Relationship to BC properties

PLSR models for both soils (Fig 4a, c) confirmed the strong effect of
pyrolysis temperature (HTT) on denitrification. HTT is represented by
the first component in the model (Fig. 4a, component 1: X scores 77%,
Y scores 60% explained variance, Fig. 3b, component 1: X scores 40%, Y
scores 63% explained variance) with higher doses of BC372 and FS105
located at the left side of the plot and high temperature chars (BC416,
562 and 796) located to the right. For the peat, the second component
(Fig. 4a, component 2: X scores 7%, Y scores 10% explained variance,
Fig. 3b, component 2, X scores 22%, Y scores 9% explained variance)
appears to represent biochar dose, with low doses located at the top and
high doses located towards the bottom of the score plot. In the mineral
soil, this trend was much less apparent, reflecting the variability be-
tween the two soils in the overall effect strength of dose. The higher

overall explained variance in both Y and X in the first component shows
that the effect of temperature treatment prevailed over the effect of
dose in affecting denitrification kinetics. The central grouping of the
control soils (which were subsequently projected onto the model) and
the 1% dose treatments confirms that low-dose biochar treatment had
little effect on denitrification kinetics since they contributed little to the
variation explained by component 1 and 2. The loading plots (Fig. 4b)
revealed that in the peat, all denitrification indices except for the
NO:N2O ratio were strongly positively correlated with H:C, O:C and the
aliCH:aroCH ratio, and strongly negatively correlated with BPCA,
B6CA, pH and SA (Fig. 4b). In the mineral soil, the correlation structure
was similar, except for TDRmax (Fig. 4d). FastCpool appeared to play a
more significant role in the minerals soil, while the opposite was true
for SA. In the peat, measurements of denitrification activity, DRmax and
TDRmax, were strongly negatively correlated to SA and pH along com-
ponent 1, respectively, whereas in the less active mineral soil, DRmax

was strongly negatively correlated to pH and less so to SA. TDRmax

Fig. 2. Scatter plot showing selected denitrification variables (Integrated product ratio (IPR), Maximum denitrification rate (DRmax) and Time needed to reach
maximum denitrification (TDRmax)) in slurries of peat (a, b, c) and mineral soil (d, e, f) amended with different corn cob HTT biochars plotted against dose. Mean
values for control soils without biochar are represented along with the standard deviation (n= 3) as dotted lines.

Fig. 3. Effect of biochar addition on maximum N2O and NO accumulation in anoxic batch incubations of peat and mineral soil. The values are calculated as relative
difference from the un-amended control (in %).
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played no role in the mineral soil owing to the lack of exponential
product accumulation in this soil.

Biochar pH was highly negatively correlated with maximum NO and
N2O accumulation in both soils and positively correlated with the ratio
of NO to N2O along component 1, which increased with increasing
pyrolysis temperature and dose in both soils (Fig. S7). SA, which was
scaled to flask, showed a strong positive correlation with NO:N2O in the
peat, but a somewhat weaker correlation in the mineral soil. VM and
CEC had little impact on the correlation structure in both soils. The
FastCpool which mainly represents the large labile carbon pool in the
feedstock, appeared to play a more significant role for NO and N2O
accumulation in the mineral than the peat soil.

N2max was removed from the peat model since added N was com-
pletely transformed to N2 in all treatments (Fig. S4a), i.e. reaching close
to mass balance between added and recovered gaseous N. By contrast,
in the mineral soil, analyses of residual NO3

− and NO2
− post-incuba-

tion (Fig. S3) revealed that denitrification was incomplete for treat-
ments with high-temperature chars and low doses of BC372. Interest-
ingly, less gaseous N was recovered with high doses of FS105 and
BC372 despite complete conversion, indicating immobilization or
sorption of added NO3

−-N. Therefore, N2max was positively correlated
with biochar properties representing C availability (FastCpool, ali-
CH:aroCH, O:C and H:C) and negatively with properties indicating the
degree of carbonisation (B6CA:C, BPCA:C) in the mineral soil (Fig. 4d).

In the mineral soil only the 20% w/w dose of BC372 and all doses of
FS105 induced exponential N2 accumulation indicative of denitrifier
growth (Fig S4b). In the peat, all biochar treatments showed ex-
ponential N2 accumulation, which, however, differed strongly with

biochar HTT (Fig. S4a). The onset of exponential production occurred
earlier with high HTT chars, which was well captured by TDRmax, i.e. the
time needed to achieve the steepest slope of N2 production. N2 accu-
mulation eventually changed to linear accumulation (Fig. S4a) sug-
gesting that denitrifier growth became substrate limited. This change
occurred earlier with high temperature chars (Fig S4a). No such linear
phase in product accumulation was seen in peat soil amended with
feedstock and the highest doses (20 and 30%) of BC372 (Fig. S4a).

4. Discussion

4.1. Which process dominated nitrate reduction?

We assert that the predominant NO3
− reduction pathway in our

flasks was denitrification, even though there exist a number of alter-
native pathways (DNRA, anammox, chemodenitrification, co-deni-
trification) dissipating NO3

− under anoxic conditions. Both DNRA and
anammox are favoured by high pH (Zhang et al., 2015) and are con-
sidered to be of limited significance in well drained upland soils
(Schmidt et al., 2011; Ligi et al., 2015; Xi et al., 2016). Anammox, in
particular, requires the accumulation of nitrite (Long et al., 2013),
which only occurs in moderately acidic to alkaline soil. The mineral soil
incubations accumulated considerable amounts of NO2

− (Fig. S3)
concomitant with rising pH in the slurries (Fig. S5b), however, the fact
that NO2

− accumulated at the end of the experiment suggests that
NO2

− consumption by anammox was not the dominating process. Co-
denitrification (Spott et al., 2011) may have been an important process
in our peat due to the abundance of organic N moieties. However, we

Fig. 4. PLSR models for peat (top: a & b.)
and mineral soil (bottom: c & d). X scores
plots (left a & c.) represent the objects/rows
in matrix X and Y and show how the objects
relate to one another in the multivariate
space spanned by the model. X & Y corre-
lation loading plots (right b & d) show the X
(explanatory, blue) and Y (response, red)
correlation loadings. The X & Y loading plot
represents percent explained variance of
each variable, variables within the inner
circle have less than 50% of variance ex-
plained by the components, variables
within the outer ring have greater than 50%
variance explained by the 2 plotted com-
ponents. Variables close to one another on
this plot are highly positively correlated for
the part of the data explained by the 2
components. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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assume that the utilisation of this additional N source would have al-
tered the mass balance of recovered N2-N relative to the added NO3

−-N.
Since we did not see this in our incubations with the peat soil, we as-
sume that co-denitrification was negligible. Chemodenitrification, i.e.
the dismutation of protonized nitrite (HNO2) to NO and N2O and/or the
reaction of HNO2 with redox active compounds on mineral surfaces
cannot be ruled out and is addressed later in the discussion. A study by
Wankel et al. (2017), however, suggested that in the presence of high
NO3

− concentrations, bacterial and fungal denitrifiers are likely to
dominate N2O and N2 production. For these reasons we are confident
that the dominating process of NO3

− consumption in our experiments
was canonical denitrification, with minor interference from other
NO3

−/NO2
− dissipating processes.

4.2. Biochar produced at high temperature reduces N2O and NO emission

Accumulation of N2O and NO was consistently reduced when
corncob biochars produced at 562 °C and 796 °C were added to either
soil. Our results do not allow us to define a precise HTT threshold re-
sponsible for this effect, however 416 °C appeared to be a pyrolysis
temperature above which there was a neutral to supressing effect on NO
and N2O release in both soils (Fig. 2). The two biochars which reduced
N2O and NO the most were the ones with the highest degree of car-
bonisation as indicated by low H:C, O:C, aliCH:aroCH and high BPCA:C
and B6CA:C ratios (Table 2). In a meta-analysis, Cayuela et al. (2015)
found that a biochar H:C ratio< 0.3 is a good predictor for N2O sup-
pression. We found consistent N2O suppression with BC562 and BC796,
which had H:C values of 0.37 and 0.13, respectively, while BC416,
which showed an inconsistent effect had a H:C ratio of 0.59. Therefore
our results support the concept of H:C being a predictor for suppression
of N2O emissions from denitrification and extend this concept to NO
emissions. Our results also suggest that there is a plateau in the miti-
gation potential beyond a specific HTT as evidenced by the quite similar
responses to BC562 and BC796.

Pronounced NO and N2O suppression in the presence of high tem-
perature chars points towards several key properties involved in N2O
suppression. Carbonisation and aromaticity (BPCA:C, aliCH:aroCH) as
well as condensation (B6CA:C) increase with increasing HTT and con-
densed polyaromatic structures of chars have been shown to carry
electro-chemical properties (Klüpfel et al., 2014a), which may facilitate
redox reactions taking place during denitrification (Chen et al., 2018).
However, in our study, increasing degree of carbonisation also corre-
lated positively with other properties such as ash content, pH and SA.
The high correlation of SA with indicators of denitrification in the peat
soil and pH in both soils suggests that pH and SA could be causally
involved in N2O suppression by biochar.

SA was negatively correlated with NO and N2O accumulation and
positively with the ratio of NO:N2O. SA, which has been proposed as a
proxy for the sorption capacity of biochar for organic compounds (Hale
et al., 2016), may increase NO and N2O reduction rates by con-
centrating these denitrification intermediates locally around chars thus
increasing the effective concentration for the catalytic reaction (Harter
et al., 2016). Interestingly, the effect of higher temperature chars in the
peat soil was larger for N2O than NO, suggesting a stronger relative
effect of biochar on N2O than NO accumulation (Fig S7). The shape of
the SA response to pyrolysis temperature for our biochars differs sub-
stantially from that of H:C or pH (Budai et al., 2014), and is defined by a
peak in SA at BC562 followed by a reduction at BC796. Although it has
been shown that biochar can permanently sorb N2O under anhydrous
conditions (Cornelissen et al., 2013), this was probably not the case in
our soil slurries as plateauing N2-N accumulation in peat incubations
indicated that N2O-N was fully denitrified. Our results instead support
the hypothesis of Harter et al. (2016), who argued that the ability of
biochar to sorb N2O transiently increases its residency time and local
concentration, thereby facilitating microbial reduction.

Biochar pH appeared to be another key variable linked to NO and

N2O suppression, as indicated by the opposite position of these two
variables in the PLSR loading plots (Fig. 4). Over the range of pyrolysis
temperatures, the pHH2O of our biochar, measured in water, plateaued
at 416 °C with a value of 10.07 (Table 2). Despite highest pH in the
BC416 treatment, measurements of slurry pH after 182–235 h of stirred
anoxic incubation showed a strong linear correlation between pH and
ash content of the biochar that increased with pyrolysis temperature
through the entire range of BC pyrolysis temperatures (Fig. S6). This
suggests that biochar ash contributed significantly to the observed al-
kalisation, likely owing its high proportion of secondary carbonates and
base cations (Yuan et al., 2011). The liming effect of biochar in acidic
soils can strongly reduce NO accumulation by repressing the chemical
dismutation of nitrous acid (HNO2), the protonated form of NO2

−, to
NO (Chalk and Smith, 1983). Low pH is also known to impair N2O
reductase (N2OR), the enzyme responsible for N2O reduction, with in-
creasing inhibitory effects below pH 6.1 (Liu et al., 2014; Brenzinger
et al., 2015). However, in our study, while the pH of the biochar
strongly correlated with denitrification indices, the ash content did not
(Fig. 4). This may be because the ash content can have confounding
effects on other variables influencing denitrification. For instance, it has
been suggested that ash can result in salting out of N2O from solution,
which would increase N2O release (Yanai et al., 2007).

4.3. Biochar prepared at low temperature has contrasting effects on N2O
emission in mineral soil and peat

The low-temperature char (BC372) was characterized by a low de-
gree of carbonisation and high O:C and H:C ratios, high VM and low ash
content. Stimulation of N2O emissions by low-temperature chars has
been reported previously (Kammann et al., 2012; Li et al., 2013). A re-
analysis of the data synthesized in Cayuela et al. (2015) shows that high
H:C chars have a potential to stimulate N2O emissions (p < 0.01, SI
section 4). However, this effect appears to be less clear-cut than
the< 0.3 threshold for N2O suppression, suggesting that there are
other, interacting factors modulating the relationship between H:C >
0.3 and N2O emission.

The contrasting effects of low temperature char (BC372) and feed-
stock (FS105) on N2O accumulation in the two soils suggests that soil
properties interacted with biochar in its effect on denitrification. The
most obvious differences between peat and mineral soil were carbon
content (53.0 vs 2.8%), C/N ratio (29.5 vs. 9.8), CEC (1480 vs.
51 cmol kg−1) and pHH2O (5.1 vs 5.9). Surprisingly, low-temperature
char and feedstock increased N2O accumulation in the carbon-rich peat,
which supported high denitrification rates, indicating ample decom-
posable carbon. One would expect that adding low-temperature char
and feedstock, with their relatively large pool of readily decomposable
carbon, to this carbon rich peat would have little or no effect on de-
nitrification and its product stoichiometry. Studies have suggested that
adding labile C to a system with limited biologically available carbon
would increase the reductant-to-oxidant ratio (DOC:NO3

−), which
should result in more complete denitrification (Senbayram et al., 2012).
This mechanism could explain the observed kinetics in the mineral soil
where low temperature char and feedstock caused an increase in total
denitrification (Fig S4b, S3) accompanied by an overall reduction in
N2O accumulation (Fig. 3b). A closer inspection of the N2 kinetics of
peat revealed that the FS105 and BC372 treatments accumulated N2

much slower than the treatments with high-temperature chars (Fig.
S4b). Accordingly, TDRmax, the time needed to express maximum de-
nitrification activity, was larger and positively correlated with indices
of low carbonisation degree (Fig. 4b). While the faster increase in de-
nitrification activity with high-temperature chars may be explained by
their stronger alkalizing effect (Fig. S5), it is unclear which properties of
low-temperature biochar and feedstock caused this delay. Acid peat
soils are known to harbour denitrifier communities with low taxonomic
diversity and hence limited metabolic versatility (Palmer et al., 2010;
Braker et al., 2012; Dörsch et al., 2012). Addition of allochthonous C-
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sources, in the form of dried corn cob or its low-temperature pyrolysis
product, to anoxic incubations may have triggered growth of competing
functional groups (e.g. fermenters). This may have initially repressed
denitrifier activity, until denitrifier community composition changed
(e.g. Brenzinger et al., 2015) and supported exponential N2 accumula-
tion with high DRmax values and rapid N2O uptake. We therefore ten-
tatively attribute the N2O stimulating effect of low-temperature
corncob biochar and its feedstock to some unidentified disruption of
initial denitrification activity resulting in transiently incomplete deni-
trification.

4.4. Biochar and denitrification: which biochar properties matter?

The significant variables for explaining the N2O mitigation effect of
biochar in our study were carbonisation indices, pH and SA (Fig. 4 b, d).
Carbonisation indices encapsulate concurrent changes in biochar
properties: 1) disappearance of labile organic carbon with increasing
temperature, and 2) formation and condensation of aromatic structures
with increasing temperatures. This implies that one must consider the
effects of both labile organic carbon structures at low pyrolysis tem-
perature and condensed aromatic sheet formation at higher tempera-
ture when assessing potential biochar effects on denitrification.

Aromatic structures of chars formed at higher pyrolysis temperature
have been shown to alter the electro-chemical properties of biochar
(Klüpfel et al., 2014a) which can mediate redox reactions (Kappler
et al., 2014; Chen et al., 2018). Our experiment does not provide direct
evidence for this effect, but the more efficient denitrification, re-
presented by smaller TDRmax and lower accumulation of intermediates,
could be due to redox reactions mediated directly by the biochar. In a
peat soil, however, which contains abundant redox active components
(Klüpfel et al., 2014b), it is unlikely that the addition of biochar would
have a measurable impact on these processes.

The effect of pH on heterotrophic denitrification is well established
(as reviewed in Blum et al., 2018). pH affects not only the accumulation
of intermediates (Kappelmeyer et al., 2003) but low pH is also well
documented to inhibit the reduction of N2O to N2 (Šimek and Cooper,
2002; Bakken et al., 2012). Low pH does not affect the transcription of
nosZ, the gene encoding for N2O reductase, but its functioning appears
to be impaired post-transcriptionally (Bergaust et al., 2010). The pH of
both of our soils was lower than the pH threshold of 6.1 for fully
functional N2O reductase proposed by Liu et al. (2010) and Brenzinger
et al. (2015), i.e. pH 5.86 for the mineral soil and 5.08 for the peat
(Table 1). However, the pH of the anoxic slurries increased as deni-
trification progressed, surpassing this threshold (Fig. S5). The peat was
more buffered, with a higher CEC (Table 1), than the mineral soil (Fig.
S6), which probably explains why the pH in biochar treatments of the
peat soil was more highly correlated with IPR and TDRmax and with the
total accumulation of intermediates, i.e. NOmax and N2Omax, (Fig. 4 b).
The higher buffering capacity of the peat also resulted in a more pro-
gressive denitrification response to pH over the full range of dose
(Fig. 3). The strong negative correlation between TDRmax and pH
(Fig. 4b) shows that biochar accelerated the induction of a measurable
N2O reduction.

Biochar SA is an indicator for the sorption capacity of biochar (Hale
et al., 2015) and is a result of the concurrent loss of amorphous carbon
and the development of graphitic structures and highly reduced surface
functional groups. There are several potential mechanisms by which
biochar SA could affect denitrification. Cornelissen et al. (2013) pro-
posed permanent sorption of N2O to biochar surfaces. Others have
suggested that biochar can sorb DOC, reducing access to electron do-
nors (Lu et al., 2014). Because we see no effect of high SA biochar on
the recovery of added N, our results support neither permanent sorption
of N2O nor reduced access to DOC as mechanisms. By contrast, our
results support the hypothesis of more complete denitrification due to
increased residency time of N2O on or near biochar surfaces through
temporary sorption (Harter et al., 2016). Along with the other

mechanisms we have discussed, such as pH and carbonisation degree,
this could explain the positive correlation we observed between NO and
N2O suppression and SA of the biochars (Fig. 4b).

In summary, we used a well-characterized biochar temperature
series with continuously scaled properties in standardized denitrifica-
tion assays to examine which biochar properties are responsible for the
observed effect of biochar on N2O emissions from denitrification. Our
results suggest that biochar effects on N2O emissions from denitrifica-
tion are variable, or even contrasting, depending on which soils are
used. Biochar from a single feedstock type can shift from stimulating
N2O emissions to reducing them over a relatively small range of HTT,
highlighting that the N2O effect of biochar is likely not caused by a
single property of the biochar. We further show that biochar is inter-
acting not only with the final reduction step of denitrification but may
also impact total denitrification.

Contrary to our highly standardized experimental design, environ-
mental conditions in bulk soil vary substantially in time and space. In
situ N2O emissions are highly variable in time, driven by events such as
fertilization, rewetting, tillage or freeze-thaw. In these conditions per-
iods of high emissions can last over several days and are likely driven by
denitrification (Flessa et al., 1995). While the effect of biochar on event-
driven N2O emissions is largely unknown (Edwards et al., 2018), our
study focuses primarily on denitrifier response to longer lasting anoxia
in the presence of biochar. Our study shows how biochar interacts with
denitrification and potentially lowers the N2O product ratio under those
conditions. We demonstrate a link between biochar properties and
denitrification functioning for one specific corncob feedstock. We are
confident that our results with corncob biochar are relevant for a range
of other biochars, as we have shown previously that corncob biochar is
comparable in chemical and physical properties to those produced from
other grass feedstocks over wide ranges of pyrolysis temperature (Budai
et al., 2014, 2017). However, key response variables highlighted in our
study, such as SA and pH, can be manipulated not only through feed-
stock selection but also through post-processing of biochar products
(Chintala et al., 2013; Rajapaksha et al., 2016). Because substantial
reduction of N2O emission from agricultural soils is needed, future in-
vestigations should specifically target the effects of biochar-property
enhancement, thereby supporting the transition from mechanistic un-
derstanding to pilot implementation.
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