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Abstract Knowledge of how biochar impacts soil denitrifi-
cation kinetics as well as the mechanisms of interactions is
essential in order to better predict the nitrous oxide (N2O)
mitigation capacity of biochar additions. This study had mul-
tiple experiments in which the effect of three biochar materials
produced from corn stover (Zea mays L.), ponderosa pine
wood residue (Pinus ponderosa Douglas ex Lawson and C.
Lawson), switchgrass (Panicum virgatum L.), and their cor-
responding biomass materials (corn stover, ponderosa pine
wood residue, and switchgrass) on cumulative N2O emissions
and total denitrification in soils from two different landscape
positions (crest and footslope) were studied under varying
water-filled pore space (40, 70, and 90 %WFPS). Cumulative
N2O emissions were reduced by 30 to 70 % in both crest and
footslope soils. The effect of biochars and biomass treatments
on cumulative N2O emissions and total denitrification were
only observed at ≥40 % WFPS. The denitrification enzyme
activity (DEA) kinetic parameters, Ks (half-saturation

constant), and Vmax (maximum DEA rate) were both signifi-
cantly reduced by biochar treatments, with reductions of 70–
80 % in footslope soil and 80–90 % in the crest soil. The
activation energy (Ea) and enthalpy of activation of DEA
(ΔH) were both increased with biochar application. The
trends in DEA rate constants (Ks and Vmax) were correlated
by the trends of thermodynamic parameters (activation energy
Ea and enthalpy of activation ΔH) for denitrifying enzyme
activity (DEA). The rate constant Vmax/Ks evaluated the ca-
pacity of biochars to mitigate the denitrification process.
Denitrifying enzyme kinetic parameters can be useful in eval-
uating the ability of biochars to mitigate N2O gas losses from
soil.
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Introduction

Current agricultural practices are responsible for terrestrial
production of nitrous oxide (N2O) which has 320 times the
global warming potential of CO2 on a mass basis (Cayuela
et al. 2013; IPCC 2007; Paustian 2004; Ravishankara et al.
2009). A majority of N2O emissions originate from agricul-
ture due to the incorporation of nitrogen (N)-based agricultur-
al inputs including fertilizers, manures, and crop residues into
soils (Mosier et al. 1998; Williams et al. 2011). Farming
operations in the Midwestern US region account for 25 to
33 % of N2O emissions in the USA every year (Li et al. 1996;
Mummey et al. 1998).

Nitrous oxide (N2O) is produced by multiple biological
pathways including microbial nitrification, denitrification,
and nitrifier denitrification which can happen simultaneously
in the complex soil environment (Wrage et al. 2005; Prasad
2014). For a majority of soils, microbial denitrification is
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believed to be the principle pathway of N2O production,
which is favored in anaerobic conditions (Cavigelli and
Robertson 2001; Hoffmann et al. 2000) and is regulated by
several factors: climate (Kessel et al. 2013), soil pH (Yama-
moto et al. 2014; Zaman and Nguyen 2010), soil texture (Gu
et al. 2013), organic residue quality (i.e., C/N ratio) (Huang
et al. 2004), crop type (Dalal et al. 2003), soil water content
(Klemedtsson et al. 1988), O2 partial pressure (Ball et al.
2008; Beare et al. 2009; Hernandez-Ramirez et al. 2009), as
well as the type and application rate of N-based agricultural
inputs (Jarecki et al. 2009; Thornton et al. 1996; Venterea et al.
2005).

Most recent investigations have observed that biochar
could be an effective soil amendment to mitigate N2O emis-
sions (e.g., Van Zwieten et al. 2010; Yanai et al. 2007).
Biochars have been found to influence the soil pH (Enders
et al. 2012), availability of nitrate (Cayuela et al. 2013),
organic carbon (Pendergast-Miller et al. 2011), soil aeration
(Kinney et al. 2012), and microbial activity (Lehmann et al.
2011) which could ultimately impact the enzymatic pathways
that produce N2O in soil. The effect of biochar on N2O
emissions may also be influenced by highly heterogeneous
soil properties including spatial and temporal variability in
microbial communities and anaerobic microsites (Ball 2013;
Robertson and Tiedje 1987). There is high variability in
properties and behavior of biochars in soil which depend on
the parameters of their production process, aging (surface
oxidation/alteration), and feedstock type (Spokas 2013;
Spokas and Reicosky 2009; Zheng et al. 2013). The spatial
variability of soils combined with the complex behavior of
biochar materials obscure the understanding of biochar’s in-
terference with the denitrification process and its potential to
be optimized as agricultural soil amendment (Lehmann et al.
2011).

The study of biochar’s influence on denitrification ki-
netics would help to predict their long-term impact and
provide the basis to design biochar as an effective N2O
mitigation tool. However, there have been limited studies
into the impact of biochar on the fundamental enzymatic
reactions in soil (Cayuela et al. 2013; Lehmann et al. 2011).
In this context, this study focused on three objectives: (1)
quantify the effect of four biochars (activated corn stover
biochar, non-activated corn stover biochar, non-activated
ponderosa wood residue biochar, and non-activated switch-
grass biochar) and their corresponding biomass feedstocks
on cumulative nitrous oxide (N2O) emissions in two soils
from contrasting landscape positions; (2) quantify the effect
of water-filled pore space on cumulative N2O emissions
and total denitrification of soils with incorporated biochars
and biomass; and (3) determine the kinetic and thermody-
namic parameters including half saturation constant (Ks),
denitrification enzyme activity (DEA) rate (Vmax), activa-
tion energy (Ea), and enthalpy (ΔH) for the denitrification

enzyme activity in selected soils amended with both bio-
chars and original biomass feedstocks.

Materials and methods

Biomass, biochars, and soils used for incubation studies

Biomass materials (corn stover (CS), ponderosa pine wood
residue (WC), and switchgrass (SG)) widely varied by C/N
values which ranged from 445 to 61 (Chintala et al. 2014)
(Table S1). Biochars were created from corn stover (Zea mays
L.; designated as CSB), ponderosa pine wood chips (Pinus
ponderosa Douglas ex Lawson and C. Lawson; WCB), and
switchgrass (Panicum virgatum L.; SGB). Biochars were
produced using carbon optimized gasification, which is a
two-stage continuous patent pending process in which the
reactor temperature ramps from 150 to 850 °C with residence
time of 4 h (Biochar Solutions, Inc, Carbondale, CO, USA).
These biochars were highly alkaline (pH ranged from 9.3 to
10.8; water to solid ratio 1:10) with high ash content (ranged
from 379 to 652 g kg−1) and C/N values (ranged from 110 to
167) (Table S2) (Chintala et al. 2014). In addition, corn stover
biochar was chemically activated by heating at 200 °C the
solution of (1:1) biochar with concentrated (12.1 N) hydro-
chloric acid (Chintala et al. 2013). All biochar materials were
homogenized and ground to pass through a 2-mm sieve before
use.

Composite soil surface samples (0–15 cm) were collected
from the crest and footslope positions of an agricultural land-
scape (under corn-soybean rotation) which was located near
Brookings, SD, USA (44° 12′ 36″ N and 96° 44′ 23.9″ W).
Soil from the crest position represented the Maddock soil
series (sandy, mixed, frigid Entic Hapludolls) and the
footslope position represented the Brookings soil series
(fine-silty, mixed, superactive, frigid Pachic Hapludolls)
(USDA 2005). The footslope soil was a clay loam with pH
6.1, organic matter 34 g kg−1 soil, and nitrate—N 13 mg kg−1

soil. Crest soil was a silt loamwith an acidic pH of 5.2, organic
matter 16 g kg−1 soil, and nitrate—N 17 mg kg−1 soils
(Table S3) (Chintala et al. 2014). These soils were air-dried,
crushed, and passed through a 2-mm sieve, then stored at
room temperature (25 °C) until used for incubation studies.

Incubations—cumulative N2O emissions

A soil incubation study was conducted to determine the effect
of three biomass feedstocks (corn stover (CS), Ponderosa pine
wood chips (WC), and switchgrass (SG)) and their corre-
sponding biochars (activated corn stover biochar (ACB),
non-activated corn stover biochar (CSB), non-activated
ponderosa pine wood residue biochar (WCB), and non-
activated switchgrass biochar (SGB)) at different application
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rates on cumulative N2O emissions over a period of 112 days.
The air-dried soil of 40 g was placed into 125-mL serum vials
(Wheaton Science Products, Millville, NJ, USA) and sealed
with butyl rubber septa. Amendments (biochars and biomass)
were applied based on equivalent carbon basis at three rates
including 10, 30, and 50 g kg−1. All the serum vials with soil
and amendment were pre-incubated for 2 weeks at 60 %
water-filled pore space (WFPS) for reactivation of the soil
microbial populations. The bulk density of the soils in the
serum vials was approximately 1.2 Mg m−3. These incuba-
tions were conducted under aerobic conditions to simulate the
actual surface soil conditions in the field. After 2 weeks, an
appropriate volume of potassium nitrate solution was added at
the rate of 150 mg N kg−1 and also to achieve 90 % WFPS in
soil-amendment mixture. All the treatments were maintained
at 90%WFPS and temperature of 30±1 °C during incubation.
Oxygen levels were monitored and did not drop below 15 %
in serum vials during the incubation period (Spokas and
Reicosky 2009). All the treatments had three replications.
Gas samples of 5 mL were taken from the headspace of serum
vials on 1, 2, 3, 4, 5, 6, 7, 21, 28, 42, 56, 70, 84, 98, and
112 days after addition of potassium nitrate to soil-amendment
mixtures. The gas samples were collected with gas-tight sy-
ringes and transferred to helium-flushed and pre-evacuated
20-mL headspace vials. Gas samples were analyzed for ni-
trous oxide (N2O) concentration within a week using a gas
chromatograph (Schimadzu GC-2014, Japan) with 63Ni-elec-
tron capture detector, which was calibrated daily with appro-
priate traceable gas standards (Scotty Analyzed Gases, Air
Liquide America Specialty Gases LLC, Plumsteadville, PA,
USA). Inorganic N (NO3

−-N and NH4
+-N) was determined in

the soils before and after incubation study by extracting 20 g
of soil with 1 M KCl (solid and solution ratio 1:2) using flow
injection analysis (Quick Chem FIA+, 8000 series, Latchat
Instruments, USA) (Gillam et al. 2008).

Incubations—abiotic N2O emissions

This experiment was conducted to determine the production
of N2O due to chemo-denitrification (abiotic process). Forty
grams of soils of different landscape positions (footslope and
crest soils) were placed into triplicate 125-mL serum bottles.
These soils were added with appropriate volume of double-
distilled water to achieve 70 % WFPS. Biochar (ACB, CSB,
WCB, and SGB) and biomass (CS, WC, and SG) were ap-
plied to the soil at a rate of 20 g kg−1 soil. Serum bottles with
treatments were autoclaved twice for 1 h at 121 °C and
103 kPa (Cayuela et al. 2013). The autoclaved serum bottles
were cooled overnight. An appropriate volume of sterilized
(autoclaved) potassium nitrate solution was injected at
75 mg N kg−1 soil and to attain 90 %WFPS. Sterilized serum
vials were incubated at 30±1 °C for 1 h with oxygen levels
≥15 % (Cayuela et al. 2013). The gas samples were collected

from headspace of serum vials to analyze for N2O concentra-
tion using gas chromatography described previously.

Effect of water-filled pore space on cumulative N2O
emissions and total denitrification

To determine the impact of soil water-filled pore space
(WFPS) and its interaction effect with amendments on cumu-
lative N2O emissions and total denitrification potential, the
amendments (four biochars and three biomass types) were
applied at the rate of 20 g kg−1 (2 % w/w air-dried basis) to
the soils (40 g) in triplicate 125-mL serum vials. The bulk
density of soil and amendment mixtures in serum vials was
approximately 1.2 Mg m−3. The soil-amendment mixtures
were pre-incubated for 2 weeks at 40, 70, and 90 % WFPS,
temperature of 30±1 °C, and oxygen levels ≥15 % to reduce
random greenhouse gas production pulses (Muhr et al. 2008).
Following this pre-incubation, potassium nitrate solution was
added to serum vials at 100 mg N kg−1 soil. Additional
distilled water was added to achieve 40, 70, and 90 % water-
filled pore space (WFPS) in soil-amendment mixtures. All
these serum vials were kept airtight with butyl rubber septa
and incubated for a week (oxygen levels ≥15 %) at tempera-
ture of 30±1 °C either with or without acetylene (10 % v/v
headspace of serum vial). Acetylene (C2H2) was added to one
set of serum vials with treatments to block the last step of
denitrification (conversion of N2O to N2) (Weier et al. 1993;
Wrage et al. 2001). After 1 week (168 h), gas samples were
collected from the incubations for determining the N2O con-
centrations. Nitrous oxide (N2O) concentrations from serum
bottles without C2H2 treatment were considered as cumulative
N2O emissions. The N2O concentrations in the C2H2 treat-
ments provided the total denitrification potential (i.e., N2O+
N2) (Ryden et al. 1979; Gillam et al. 2008). All the treatments
of this study were conducted with three replications.

Effect of biochars and biomass additions on denitrification
enzyme activity kinetics

Soils (40 g) were placed into 125-mL serum vials and mixed
separately with treatments of biochar (ACB, CSB, WCB, and
SGB) and biomass (CS,WC, and SG) at the application rate of
20 g kg−1 soil. Soil-amendment mixtures were incubated in
serum bottles (oxygen levels ≥15 %) treated with C2H2 (10 %
v/v) at 90 % WFPS and 30±1 °C. Glucose (5 mL of 2 mM
glucose solution) and nitrogen (three application rates—
KNO3 solution at 50,100, and 150 mg N kg−1 soil) were
added to serum vials. Gas samples were collected for measur-
ing N2O concentrations (denitrification) from the headspace
of serum vials at 0, 24, 48, 64, 88, 112, and 136 h after
application of potassium nitrate solution. The kinetic param-
eters (Ks and Vmax) for the denitrification enzyme activity
(DEA) were determined by linearized plots of Michaelis-
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Menten equation (Eq. 1).

Michaelis‐Menten equation : V ¼ Vmax � S
.
Ks þ S ð1Þ

where V=DEA rate, S=nitrate concentration, Vmax=DEA
rate at saturating levels of S (maximum denitrification poten-
tial), and Ks=half saturation constant at Vmax/2. Lineweaver-
Burk, Eadie-Hofstee, and Hanes-Woolf plots were used to
model the DEA versus time (Halwachs 1978).

Thermodynamic parameters (activation energy (Ea) and
enthalpy of activation (ΔH)) for DEA were calculated at
temperatures varying from 10 to 30 °C using the Arrhenius
equation (Eq. 2) (Cuhel et al. 2010; Laidler 1987).

Arrhenius equation : k ¼ Aexp −Ea

.
RT

� �
ð2Þ

Enthalpy of activation : ΔH ¼ Ea−RT ð3Þ

where k=reaction rate constant, A=Arrhenius constant,
Ea=activation energy, R=universal gas constant, and T=ab-
solute temperature.

Statistical analyses

Analysis of variance (ANOVA) was performed using the SAS
Statistical Package (version 9.2, Raleigh, NC, USA) to

determine statistically significant effects of treatments on de-
nitrification parameters. The significance of treatments was
assessed at 95% confidence level (α=0.05). The separation of
means was calculated between treatments by a Holm-adjusted
Fisher’s LSD test (Holm 1979). Spearman’s rank correlation
coefficients were used to determine the relationship between
Vmax/Ks and DEA.

Results and discussion

Effect of biochars and biomass additions on cumulative N2O
emissions

Application of biochars (ACB, CSB, WCB, and SGB) and
their corresponding biomass feedstocks (CS, WC, and SG) at
application rates of 10, 30, and 50 g kg−1 soil significantly
affected the cumulative N2O emissions in soils of different
landscape positions during the incubation period of 112 days
at 90 % WFPS and 30±1 °C (Table 1). The response of
cumulative N2O emissions to the type and application rate of
added amendments was varied with soil type. Cumulative
N2O emissions were relatively lower in footslope soil com-
pared to the crest soil. This is not surprising, since inorganic N
levels (as primary denitrification regulator) also followed this
trend (Table S1). However, previous studies have attributed
this enhancement of N2O emissions due to increased activity
of heterotrophic denitrifying bacteria as the availability of
organic C and nitrogen substrates increased in soil (Aulakh
and Rennie 1987;Weier et al. 1993; Gillam et al. 2008). But in

Table 1 Effect of biochars and their corresponding biomass feedstocks on cumulative N2O emissions (mg N2O-N kg−1 soil) and mitigation values (%)
in footslope (Brookings) and crest (Maddock) soils for incubation period of 112 days (at 90 % WFPS and 30±1 °C)

Footslope soil Crest soil

Application rate (g kg−1 soil) Application rate (g kg−1 soil)

10 30 50 10 30 50

N2O % N2O % N2O % N2O % N2O % N2O %

Control 192±8.1a 307±19a

ACB 137±7.6dA −28 90±2.6cD −53 88±4.3bD −53 227±15dB −26 127±10dC −58 123±5.1dC −59
CSB 102±8.8fB −46 69±1.6fC −64 71±4.1cC −63 144±11fA −52 102±9.1eB −66 106±2.3eB −65
WCB 126±10eC −34 82±7.7dD −57 89±7.2bD −53 218±13eA −28 133±6.5cB −56 124±4.5dC −59
SGB 106±1.4fB −44 73±2.9eD −62 65±8.8dE −65 141±11fA −54 96±5.7fC −68 100±4.0fC −67
CS 186±1.5bC −3 128±8.4bD −33 129±2.7aD −32 260±12bA −15 199±6.8aB −35 202±2.1bB −34
WC 180±2.7cD −6 139±9.6aE −27 135±6.1aE −29 247±14cA −19 187±3.0bC −38 192±3.7cB −37
SG 188±3.2bC −2 135±5.3aD −29 132±1.4aD −31 269±14bA −12 191±6.9bC −37 211±6.2aB −31

Each value is mean of triplicate incubations shown with standard error. Significant differences by Holm-adjusted Fisher’s LSD test at α=0.05
within a row are represented by uppercase letters, and lowercase letters indicate the within in a column

ACB activated corn stover biochar, CSB corn stover biochar, WCB ponderosa pine wood biochar, SGB switchgrass biochar, CS corn stover, WC
ponderosa pine wood residue, SG switchgrass
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this study, the low pH of crest soil (5.20) may also reduce the
activity of N2O-reductase and increase N2O emissions (Flessa
et al. 1998). Moreover, the fine texture (clay loam) and higher
organic matter of footslope soil may have higher surface
interaction with N substrates and also affect the diffusivity
of N2O in the soil.

Incorporation of biochars and their biomass feedstocks
reduced the cumulative N2O emissions in both soils (Table 1).
In the footslope position, the biochars mitigated the cumula-
tive N2O emissions to an extent ranging from 28 to 65 %
compared to non-treated soils at all application rates. The
incorporation of biomass feedstocks also had a significant
mitigation effect (ranging from 27 to 33 %) at application
rates of 30 and 50 g kg−1 soil. In the crest soil, the incorpora-
tion of biochars reduced the cumulative N2O emissions rang-
ing from 26 to 68 %. Whereas the incorporation of biomass
feedstocks mitigated the N2O emissions ranging from 12 to
38 % of the observed N2O emissions. However, there were no
significant difference between application rates of both bio-
chars and biomass feedstocks. The chemically activated corn
stover biochar (ACB) was less effective in reducing N2O
production than the non-activated biochars (CSB, WCB, and
SGB). This could be attributed to the oxidation of the surface
moieties during the acid activation. However, since the bio-
char was activated with HCl, would have resulted with an
acidic biochar which suggested that pH alterations alone do
not fully explain biochar’s N2O mitigation potential.

At the start of the incubation study, the inorganic N content
(NO3

−-N and NH4
+-N) was significantly higher with biochar

and biomass treatments in both footslope and crest soils
(Figure S1). The ratio of final inorganic N concentrations
per total initial inorganic N (soil inorganic N+added inorganic
N due to amendment) varied significantly at the end of incu-
bation study (after 112 days) with different application rates of
amendments (Fig. 1). In footslope soil, the application of
biochar and biomass significantly increased the ratio of final
inorganic N per total initial inorganic N. There was the sug-
gestion of increased soil inorganic N and lower N2O produc-
tion rates higher amendment rates, but this trend was not
consistent as the application rate increased above 10 g kg−1

soil. Whereas in crest soil, the ratio of final inorganic N per
total initial inorganic N was significantly enhanced with the
incorporation of biochars and biomass to soil. The final inor-
ganic N that remained in crest soil was correlated to the
amendment rate. Overall, biochar treatments showed a higher
ratio of final inorganic N per total initial inorganic N com-
pared to biomass treatments in both soils.

Several previous studies have documented the ability of
various biochars to offset N2O emissions from soils (Case
et al. 2012; Cayuela et al. 2013; Rondon et al. 2007; Scheer
et al. 2011; Spokas and Reicosky 2009; Yanai et al. 2007). In
this study, the potential mitigation of cumulative N2O emis-
sions with the incorporation of these high pyrolytic

temperature biochars could be due to an increase of pH
(liming effect) in the vicinity of biochar particles and therefore
improving the function of N2O reductase independent of soil
pH (Cayuela et al. 2013; Firestone et al. 1980). Previously,
these biochars showed negative priming effects on the micro-
bial activity and mineralization of C and N (Chintala et al.
2014). Biochar particles can also exhibit strong competition to
sequester the redox couples including the inorganic N sub-
strates (electron sink) and labile soil C (electron donor) which
may affect the heterotrophic microbial activity and denitrifi-
cation reaction in soil (Cayuela et al. 2013). Biochars in this
study exhibited higher nitrate removal, potentially due to their
large variable charge potential (Chintala et al. 2013).

The addition of biomass feedstocks to soils also showed the
reduced effect on N2O emissions in this study which could be
due to their ability to immobilize inorganic N and reduce
mineralization (Baggs et al. 2000; De Hao et al. 2001; Velthof
et al. 2002; Rahn et al. 2003; De Neve et al. 2004). The
mitigation effects of biochars and biomass feedstocks were
higher in the crest soil compared to the footslope. Landscape
differences could be attributed to the reduction of competition
to retain redox couples from native soil organic C and less
vulnerable to microbial reduction. In this study, the production
of N2O was only due to biotic processes mediated by micro-
bial functional groups (Table S4). Overall, the incorporation
of biochars had relatively higher mitigation effects on cumu-
lative N2O emissions in both soils compared to biomass
additions. The mitigation effect of biochars also varied as
the soil characteristics (texture, organic C, and inorganic N)
changed due to spatial variability of erosional processes across
the landscape.

Effect of water-filled pore space on cumulative N2O
emissions and total denitrification

Cumulative N2O emissions and total denitrification (during
168 h of incubation) were significantly affected by as the
water-filled pore space (WFPS) (soil water content) increased
from 40 to 90 % in soils of both slope positions (Fig. 2).
Cumulative N2O emissions and total denitrification were very
low at 40 and 70 % WFPS. In the crest soil, cumulative N2O
emissions and total denitrification were relatively higher com-
pared to the footslope soil at 90 % WFPS. This might be due
to relatively higher availability of inorganic N for denitrifica-
tion process as the supply of organic C is optimized despite the
differences in topographic position. There was no significant
effect of biochars (ACB, CB, WB, and SB) and biomass
additions (CS, WC, and SG) on cumulative N2O emissions
(P<0.05) and total denitrification at 40 % WFPS at both
positions, suggesting a soil moisture potential limitation to
microbial activity (Aulakh et al. 1991; Weier et al. 1993). On
the other hand, incorporation of biochars reduced cumulative
N2O emissions and total denitrification at 70 and 90%WFPS.
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The biomass additions at 90%WFPS showed a small increase
in cumulative N2O emissions and total denitrification but not
significantly at 70 % WFPS in both soils. Soil water content
(WFPS) regulated the trends of cumulative N2O emissions
and total denitrification irrespective of treatments (biochar and
biomass) and soil locations in this study. The significant
increase in cumulative N2O emissions and total denitrification
may be due to diffusion of dissolved organic C and inorganic
N as substrates for anaerobic microbial activity as the WFPS
(reduced O2 partial pressure) increased (Stark and Firestone
1995; Dobbie and Smith 2001; Porporato et al. 2003; Rivett
et al. 2008; Jahangir et al. 2012). The reduction in partial
pressure of O2 may also increase the demand for inorganic
N substrates as a terminal electron acceptor (De Klein and Van
Logtestijn 1996). The WFPS regulates the trends for cumula-
tive N2O emission, but it is dependent on both treatments,

with more pore pronounced effect with biochars, and also on
soil type, where a bigger effect was observed for footslope
soil.

The ratio of N2O to (N2O+N2) was also significantly
increased with WFPS in footslope soil, but these ratios were
not significantly different at 40 and 70 % WFPS in the crest
soils (Fig. 2). The N2O/(N2O+N2) ratios were reduced by
biochar treatments at 70 and 90 % WFPS in both soils. The
supply of electron acceptors may be diminished in the pres-
ence of biochar, which alters the activity of microbial denitri-
fiers. Alternatively, the presence of biochar may have helped
shuttle electrons more effectively to denitrifiers, fostering the
complete reduction of nitrate to dinitrogen (Cayuela et al.
2013). The liming effect of biochar treatments may also lead
to reduced N2O/(N2O+N2) ratios due to changes in the deni-
trification rates (Arah, and Smith 1991; Stevens and Laughlin

Fig. 1 Inorganic N per total
initial inorganic N in crest soil and
footslope soil with biochar and
biomass treatments at the end of
the incubation study for 112 days
at 90 % WFPS and 30±1 °C.
Each value is mean of triplicate
incubations shown with standard
error. Significant differences by
Holm-adjusted Fisher’s LSD test
at α=0.05. Letters indicate the
significant differences between
the mean values
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1998; Cuhel et al. 2010; Van Zwieten et al. 2010). On the
other hand, biomass additions increased the N2O/(N2O+
N2) ratios at 70 and 90 % WFPS in both soils but not
significantly when compared to control. In this study,
the N2O/(N2O+N2) ratios were ≥0.7 at 70 and 90 %
WFPS suggesting N2O was the dominant product of the
denitrification process (Ruser et al. 2006; Burton et al.
2008). The denitrification becomes the dominant process
over nitrification at higher WFPS (Wrage et al. 2001;
Bateman and Baggs 2005). The N2O/(N2O+N2) ratios
were also influenced by soil location, biochar type, and
biomass additions during these laboratory incubations
(P<0.05).

Influence of biochars and biomass additions on denitrification
enzyme kinetics

The effect of soil type and amendments (biochars and biomass
additions) on denitrification enzyme activity (DEA) kinetics
was reported for 30±1 °C and 90 % WFPS during an incu-
bation period of 168 h (Table 2). These measured rate con-
stants represent the DEA rates expected in surface soil envi-
ronment (at oxygen levels ≥15 %) in which both aerobic and
anaerobic processes can occur at the same time as a function
of anaerobic microsite distribution (Sextone et al. 1985).
Denitrification enzyme activity (DEA) was increased as the
application rate of N increased from 50 to 100mgN kg−1 in all

Fig. 2 Effect of water-filled pore space (WFPS) on cumulative N2O
emissions, total denitrification, and N2O/(N2O+N2) in footslope soil
and crest soil amended with biochar (ACB, CSB, WCB, and SGB) and
biomasses (CS, WC, and SG) during incubation period of 168 h at 30±

1 °C. Each value is mean of triplicate incubations shown with standard
error. Significant differences by Holm-adjusted Fisher’s LSD test at
α=0.05. Letters indicate the significant differences between the mean
values
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treatments. But there was no significant difference between
100 and 150 mg N kg−1. The values of Ks and Vmax of the
DEA were higher in the footslope soil than the crest soil,
which may be related to the abundance of labile C at the
footslope which can induce the positive priming effect in
relatively short time to support the growth of the denitrifier
community. The incorporation of biochars (ACB, CSB,
WCB, and SGB) significantly reduced the Ks and Vmax values
in soils of both landscape positions. The biomass additions
also reduced DEA rates, but not as great as the biochars. The
low Ks in the biochar treatments suggest that there is a higher
chemical affinity for inorganic-N substrate and enzymatic
inhibition which may reduce the DEA rate (Vmax). These
patterns of rate constants were also supported by the trends
in thermodynamic parameters (activation energy (Ea) and

enthalpy of activation (ΔH)) of DEA which were calculated
based on its positive response as the soil temperature increased
from 10 to 30 °C at 90 % WFPS. The activation energy (Ea)
and enthalpy (ΔH) of DEAwere increased with the incorpo-
ration of biochars. On the other hand, the addition of biomass
materials did not show any significant effect on Ea andΔH of
DEA in soils (Table 2). The increase in Ea and ΔH values of
soils amended with biochars indicated the increase in amount
of energy required for the denitrification process. In other
words, it takes more energy for the microbes to produce
N2O in biochar-amended soil suggesting a decrease in the
nitrate availability, which was observed in the final extraction
values. The rate constants (Ks and Vmax) were inversely cor-
related to the energies of reactions (Ea and ΔH) as a function
of soil and biochar type.

Fig. 2 continued.
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The rate constant Vmax/Ks values were plotted against DEA
of biochar and biomass treatments in both soils (Fig. 3). There
was a significant negative correlation (P<0.05) between the
ratio of the rate constants (Vmax/Ks) and DEA values (rs=−
0.76). Therefore, the Vmax/Ks values of amendments (biochars
and biomass additions) indicate their mitigating capacity by
governing the DEA kinetics. Higher Vmax/Ks values of the
amendments indicate a higher capacity to reduce the rate of
denitrification process. The Vmax/Ks values of biochar and
biomass treatments were given by soil position in Fig. 4.
The incorporation of biochars yielded relatively higher Vmax/
Ks values of DEA in the crest position compared to footslope
which was correlated with the previously observed higher
mitigation effect on cumulative denitrification. This observa-
tion indicates higher mitigation effect of biochars on

denitrification rate in the crest soil compared to footslope soil.
The Vmax/Ks values of DEA in biomass treatments (CS, WC,
and SG) were inconsistent across locations and also did not
possess significant differences with the corresponding control
treatments. Herbaceous biochars (CSB and SGB) showed
relatively higher Vmax/Ks values of DEA compared to wood
species biochar (WCB) in the crest soil, but it was not signif-
icant in the footslope soil.

Conclusions

Cumulative laboratory N2O emissions were significantly re-
duced by the incorporation of biochars and biomass to soils

Fig. 2 continued.
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collected from different landscape positions. The biochar mit-
igating effect could be due to their ability to interfere with soil N
transformation pathways; in particular, the results here suggested
the increased activation energy is one key mechanism. Water-
filled pore space (WFPS) was found to have a significant impact
on the ratio of cumulative N2O emissions and total denitrification
which was also observed by several studies in the past. The
higher ratios of cumulative N2O emissions and total denitrifica-
tion were observed at 90 %WFPS in both soils which might be
due to instigation of heterotrophic microbial activity in presence
of increased availability of redox couples (labile organic C and
inorganic N) for nitrification and denitrification processes. Deni-
trification enzyme activity rate (kinetic rate constants, Ks and
Vmax) was reduced by biochar additions. Kinetic rate constants of

DEAwere relatively higher in the footslope soil compared to the
crest soil which was reverse of the trend observed in cumulative
N2O emissions and total denitrification activity, which suggests
the differences in efficiency of the enzymatic processes as a
function of landscape position. The trends in DEAwere support-
ed by the similar trends of thermodynamic parameters (Ea and
ΔH) whichwere calculated based on the response of DEA to soil
temperature. The rate constant Vmax/Ks appeared to indicate the
capacity of biochars to mitigate the denitrification process. These
denitrification kinetic parameters determined for amendments
(biochars and biomass additions in this study) in short-term
studies indicate a change in the rates of the underlying

Table 2 Half-saturation constant (Ks) and maximum rate (Vmax), activation energy (Ea), and enthalpy of activation (ΔH) for denitrification enzyme
activity (DEA) in footslope (Brookings) and crest (Maddock) soils amended with biochars and corresponding biomass feedstocks

Footslope soil Crest soil

Ks Vmax Ea ΔH Ks Vmax Ea ΔH

Control 29.1±5a 1.30±0.02a 93.1±4b 90.7±5c 28.3±4a 1.30±0.04a 87.2±3d 84.8±4d

ACB 7.90±0.8d 0.42±0.006c 94.5±3b 92.1±3b 5.21±1e 0.30±0.001c 93.5±5c 91.1±3c

CSB 5.70±0.3f 0.30±0.005d 97.6±5a 95.3±3a 3.06±0.7f 0.28±0.003c 103±8b 101±4b

WCB 6.10±0.5e 0.31±0.002d 94.1±5b 91.8±4b 3.73±0.3f 0.26±0.002c 118±5a 115±6a

SGB 5.20±0.3f 0.28±0.002d 97.7±4a 95.4±5a 3.51±0.4f 0.26±0.002c 103±6b 101±5b

CS 22.7±5b 0.96±0.008b 92.0±3b 89.6±2d 19.1±3d 0.86±0.005b 88.1±4d 85.7±3d

WC 20.1±3c 0.91±0.005b 91.6±4b 89.2±2d 21.5±3b 0.97±0.004a 86.3±5d 83.9±2d

SG 21.8±2b 0.96±0.004b 92.4±6b 90.5±4c 17.9±2c 0.82±0.005b 88.5±2d 86.1±2d

Letters indicate the statistical significance

Units: Ks mg N L−1 , Vmax μg N cm−3 h−1 , Ea kJ mole−1 ,ΔH kJ mole−1 . Ks and Vmax were calculated at 30±1 °C and 90 % WFPS. Ea andΔH were
calculated for denitrifying enzyme activity (DEA) as it responded to the increase of soil temperature from 10 to 30 °C at 90%WFPS and application rate
of 50 mg N kg−1

ACB activated corn stover biochar, CSB corn stover biochar, WCB ponderosa pine wood biochar, SGB switchgrass biochar, CS corn stover, WC
ponderosa pine wood residue, SG switchgrass biochar

Fig. 3 Relationship between DEA and kinetic rate constant Vmax/Ks in
footslope and crest soils amended with biochar and biomasses. Each
value is mean of triplicate incubations

Fig. 4 Denitrification enzyme activity (DEA) rate constants of biochars
and biomass treatments in footslope and crest soils at 30±1 °C and 90 %
WFPS. Each value is mean of triplicate incubations shown with standard
error. Significant differences by Holm-adjusted Fisher’s LSD test at α=
0.05. Letters indicate the significant differences between the mean values
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mechanisms. Additional kinetic studies of the biochar materials
are vital to assess their economic and environmental feasibility as
soil amendments and also help to design their functionality
through synthetic pathways.
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