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Abstract Application of crop residues and its biochar pro-
duced through slow pyrolysis can potentially increase carbon
(C) sequestration in agricultural production systems. The im-
pact of crop residue and its biochar addition on greenhouse
gas emission rates and the associated changes of soil gross N
transformation rates in agricultural soils are poorly under-
stood. We evaluated the effect of wheat straw and its biochar
applied to a Black Chernozemic soil planted to barley, two
growing seasons or 15 months (at the full-bloom stage of
barley in the second growing season) after their field applica-
tion, on CO2 and N2O emission rates, soil inorganic N and soil
gross N transformation rates in a laboratory incubation exper-
iment. Gross N transformation rates were studied using the
15N isotope pool dilution method. The field experiment in-
cluded four treatments: control, addition of wheat straw
(30 t ha−1), addition of biochar pyrolyzed from wheat straw
(20 t ha−1), and addition of wheat straw plus its biochar
(30 t ha−1 wheat straw + 20 t ha−1 biochar). Fifteen months
after their application, wheat straw and its biochar addition
increased soil total organic C concentrations (p=0.039 and
<0.001, respectively) but did not affect soil dissolved organic
C, total N and NH4

+-N concentrations, and soil pH. Biochar
addition increased soil NO3

−-N concentrations (p=0.004).

Soil CO2 and N2O emission rates were increased by 40
(p<0.001) and 17 % (p=0.03), respectively, after wheat straw
addition, but were not affected by biochar application. Straw
and its biochar addition did not affect gross and net N miner-
alization rates or net nitrification rates. However, biochar
addition doubled gross nitrification rates relative to the control
(p<0.001). Our results suggest that land application of bio-
char, as opposed to the application of the raw wheat straw,
could suppress CO2 and N2O emissions and enhance soil C
sequestration. However, the implications of the increased soil
gross nitrification rate and NO3

−-N in the biochar addition
treatment for long-termNO3

−-N dynamics and N2O emissions
need to be further studied.

Keywords Biochar . Field experiment . Greenhouse gas
emission . Gross N transformation .Mineralization .

Nitrification .Wheat straw

Introduction

Incorporation of crop residue in agricultural soils is one of the
main management approaches to provide multiple ecosystem
services, e.g., sustaining soil organic matter content and nu-
trient cycling, controlling water and wind erosion, and in-
creasing crop production (Ocio et al. 1991; Blanco-Canqui
2013). However, incorporation of crop residues in the soil can
increase CO2 emission due to decomposition of crop residues
and the positive priming effect on the decomposition of native
soil organic carbon (SOC) (Muhammad et al. 2007).
Moreover, crop residue addition may increase soil nitrogen
(N) loss resulting from enhanced N2O emission and nitrate
leaching due to changes in nitrification and denitrification
processes in the soil (Mitchell et al. 2000; Miller et al. 2008;
Begum et al. 2014), depending on soil aeration status and the
supply of inorganic N and labile organic C.
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The application of biochar, a recalcitrant C-rich by-product
of biomass pyrolysis under high temperature and low oxygen
conditions, has recently generated much attention as a means
to mitigate the aforementioned potential C and N losses from
crop residues incorporated into the soil. Biochar applied to
agricultural lands has been promoted as a means of improving
soil quality and sequestering C, considering that biochar has
condensed aromatic structures and can stabilize native soil C
(Lehmann and Joseph 2009; Zwieten et al. 2013). However,
contradictory results have been reported on changes in soil C
and N cycling as affected by biochar application, which were
related to the characteristics and quantity of the biochar ap-
plied, soil conditions, and time since biochar application
(Castaldi et al. 2011; Zimmerman et al. 2011; Wang et al.
2013; Yu et al. 2013; Prayogo et al. 2014). In some cases,
short-term increases in soil CO2 release have been observed
and linked to a priming effect from soluble biochar C on
native SOC decomposition (Luo et al. 2011; Jones et al.
2011). In contrast, others have found a suppression effect of
biochar addition on soil CO2 production when CO2 produced
from biochar was subtracted (Spokas et al. 2009) and a di-
minished priming effect after long-term incubation (Smith
et al. 2010; Castaldi et al. 2011; Jones et al. 2012). Similarly,
biochar addition has been reported to suppress (e.g., Spokas
et al. 2009; Wang et al. 2013; Wu et al. 2013; Cayuela et al.
2014) or stimulate or have no impact on N2O emissions (e.g.,
Castaldi et al. 2011; Cheng et al. 2012; Verhoeven and Six
2014).

It is necessary to study the changes in soil microbial activ-
ities and soil C and N transformation processes, e.g., miner-
alization, nitrification, denitrification, and immobilization pro-
cesses, induced by biochar application because soil green-
house gas emissions and soil C and N availability and N
transformation rates are strongly linked (Berglund et al.
2004; Nelissen et al. 2012; Cayuela et al. 2014; Prayogo
et al. 2014). Anderson et al. (2011) and Song et al. (2014)
reported that soil inorganic N concentrations were decreased
by biochar addition because of its high surface area. However,
limited effects of biochar addition on the turnover of SOC,
dissolved organic C (DOC), and N (DON) and lack of long-
term effects on N mineralization, NH3 volatilization, denitri-
fication, and NH4

+ sorptionwere reported in a 3-year field trial
(Jones et al. 2012). In addition to the many studies on green-
house gas emissions, studies on the impact of biochar appli-
cation on soil C and N transformation processes are needed. It
is particularly important to measure gross N transformation
rates to determine the real rates of N production and consump-
tion in soils (Deluca et al. 2006; Cheng et al. 2012; Nelissen
et al. 2012).

The impact of biochar application on soil C and N cycling
in field conditions must be better understood before biochar is
promoted for large-scale field application. However, most
previous studies were conducted in laboratory conditions with

a short-term nature (i.e., several weeks to a few months).
Moreover, the impact of biochar addition on soil C and N
cycling were different between short-term and long-term field
experiments (Castaldi et al. 2011; Jones et al. 2012). Lack of
long-term field studies makes it difficult to conclude the long-
term effects of biochar on soil C and N cycling (Castaldi et al.
2011; Jones et al. 2012; Verhoeven and Six 2014), except that
a few studies investigated the impact of charcoal as a natural
product of forest wildfires (Deluca et al. 2006; Ball et al.
2010).

In this study, we determined soil total organic C, DOC, and
soil inorganic N concentrations 15 months after wheat straw
and its biochar addition to a Black Chernozemic soil planted
to barley and evaluated the changes in soil CO2 and N2O
emission rates and net and gross N transformation rates in a
laboratory incubation experiment. Our objective was thus to
examine the impact of wheat straw and its biochar 15 months
after application to an agricultural field on soil CO2 and N2O
emissions, net and gross N mineralization and nitrification
rates, and soil NH4

+-N and NO3
−-N consumption rates.

Materials and methods

Site characteristics and experimental design

The study site was located at the University of Alberta exper-
imental farm on South Campus (53° 48′ N, 113° 32′ W), in
Edmonton, Canada. The climate of the study area belongs to a
humid continental climate according to Köppen’s climatic
classification, with mean monthly temperature ranging from
−11.7 °C in January to a summer peak of 17.7 °C in July and
mean annual precipitation of 477 mmwith 366 mm of rainfall
and 111 mm of snowfall between 1971 and 2000
(Environment Canada 2010). The soil was a Black
Chernozem based on the Canadian system of soil classifica-
tion, with a silty clay loam texture (18.8 % sand, 46.4 % silt,
and 34.8 % clay). Soil total C concentration was 6.95 %, total
N concentration was 0.64 %, and soil pH was 5.52.

A 2×2 factorial design was used in this experiment. One
factor studied was wheat straw addition, and the other was
biochar addition; both factors had two levels. Thus, four
treatment combinations were set up: control (CK), addition
of wheat straw (S), addition of biochar made from the wheat
straw (B), and addition of wheat straw plus its biochar (SB).
Chemical and physical characteristics of the wheat straw and
biochar were shown in Table 1. In May 2010, 16 plots of 5×
5 m in size were established on the experimental farm that had
been planted to barley for several years before our study and
were planted to barley during our study. Fertilizer was not
applied during our experiment in order not to confound the
effects of wheat straw and its biochar addition. Each treatment
with four replications was completely randomly set up, and
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there was a 5-m buffer zone between adjacent plots. The
biochar was produced by Alberta Innovates Technology
Futures (Vegreville, Alberta, Canada) using the same wheat
straw (cut to 2 cm before pyrolysis) in a fast pyrolysis process
(450 °C). The cut wheat straw (about 2 cm) and its biochar
were applied to the surface of the plots at 30 and 20 t ha−1,
respectively, and they were manually mixed into the plough
layer (0–15 cm). Thus, the amount of added C was 0, 13.8,
13.8, and 27.6 t C ha−1 in the CK, S, B, and SB treatments,
respectively.

Soil sampling and C, N, and pH analyses

In August 2011, at the full-bloom stage of barley growth, five
soil cores were taken from each plot using a stainless auger
(2.5-cm diameter) from the plough layer (0–15 cm) and thor-
oughly mixed to form a composite sample. The moist soil
samples were sieved through a 2-mm mesh, and the visible
crop residues were removed by hand. Each soil sample was
divided into two subsamples, with one subsample air-dried at
room temperature for total organic C (TOC), total N (TN), and
soil pH analyses. The other subsample was stored in polyeth-
ylene bags at 4 °C for about 2 weeks prior to measurement of
CO2 and N2O emission rates and gross and net N transforma-
tion rates.

The air-dried soil samples were sieved (<2mm) and used to
determine soil pH at a soil/water ratio of 1:2.5 (weight/vol-
ume) by a DMP-2 mV/pH meter. For determination of TOC

and TN concentrations, the air-dried soil samples were ground
with a ball mill and analyzed with a Carlo Erba NA 1500
elemental analyzer (Carlo Erba Instruments, Milano, Italy).

Laboratory incubations and soil C and N transformations

Four fresh soil samples (30 g oven-dry weight basis) from
each plot were weighed into a 300-mL flask, and the moisture
content of soils was adjusted to 60 % water holding capacity
using distilled water. Then, the flasks were sealed with sili-
cone rubber stoppers and incubated in the dark at 25 °C for
24 h to allow equilibration. To determine CO2 and N2O
emission rates, the flasks were firstly flushed with fresh air
and then sealed with silicone rubber stoppers and incubated
for 1 h in the dark at 25 °C. The CO2 and N2O concentrations
in the headspace were determined by sampling the headspace
gas and injecting this sample into a gas chromatograph (Varian
CP-3800 GC, Conquer Scientific, San Diego, USA).

After the determination of soil CO2 and N2O emission
rates, soil gross N mineralization and NH4

+-N consumption
rates were determined by the 15NH4

+ isotopic dilutionmethod,
and gross rates of nitrification and NO3

−-N consumption were
determined by the 15NO3

− isotopic dilution method (Hart et al.
1994). Firstly, ammonium nitrate with either ammonium
(15NH4NO3) or nitrate (NH4

15NO3) labeled with 15N at 5 at-
om% excess was applied evenly over the soil surface in
solution (2 mL), at a rate of 20 mg N kg−1 soil (Cheng et al.
2012). Subsequently, half of the four flasks was extracted with
2 M KCl solution after 15 min (t0), and the remaining flasks
were extracted after 24 h of incubation (t1) in the dark at 25 °C.
The soil samples (1:5 weight/volume ratio of soil to solution)
were shaken at 250 rpm on a mechanical shaker for 1 h, and
then, the extracts were filtered through Whatman No. 42
filters. A portion of the KCl extract was steam distilled with
MgO on a steam distillation system (Vapodest 20, C.
Gerhardt, Königswinter, Germany); thereafter, the sample
was distilled again after the addition of Devarda’s alloy. The
liberated NH3 was collected in 5-mL 0.05 M H2SO4 solutions
in a beaker (Keeney and Nelson 1982). To prevent isotopic
cross-contamination between samples, a 20 mL reagent-grade
ethanol was added to the distillation flask and steam distilled
for 3 min between sample distillations (Hauck 1982). The
H2SO4 solution containing NH4

+ was then evaporated to
dryness at 65 °C in an oven after adjustment of the solution
to pH 3 using 0.05 M H2SO4. In order to get the obvious
samples after drying, a 5-mL 0.2 M Na2SO4 solution were
added to each beaker. The abundance of 15N in the dried
samples was determined using a CN analyzer (NA Series 2,
CE Instruments, Italy) linked to a stable isotope ratio mass
spectrometer (Optima-EA; Micromass, Crewe, UK) at the
Lethbridge Research Centre of Agriculture and Agri-Food
Canada.

Table 1 Physicochemical characteristics of wheat straw and its biochar

Wheat straw Biochar

pH – 9.93

CEC (meq (100 g)−1) – 39

C (wt%) 46 69

N (wt%) 1.00 0.3

Ash (wt%) 6.78 13.83

S (wt%) 0.24 0.15

Total K (wt%) – 2.56

Available S (mg kg−1) – 189

Available K (mg kg−1) – 8,990

Na (mg kg−1) – 400

Ca (mg kg−1) – 2,600

Mg (mg kg−1) – 133

Aeration porosity (%) – 51

PSD (%)

≥4,750 μm 3.8

2,360–4,750 μm 26.5

1,180–2,360 μm 34

600–1,180 μm 21.5

≤600 μm 14.2

CEC cation exchange capacity, PSD particle size distribution
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Gross N transformation rates were calculated from changes
in atom percentage of 15N excesses (APE) and N pool size of
soils at t0 and t1 using the following equations (Kirkham and
Bartholomew 1954; Hart et al. 1994):

m ¼ NH4
þ½ �t0− NH4

þ½ �t1
t

� ln APEt0=APEt1ð Þ
ln NH4

þ½ �t0= NH4
þ½ �t1

� � ð1Þ

c ¼ m−
NH4

þ½ �to− NH4
þ½ �t1

t
ð2Þ

where m is gross N mineralization rate (mg kg−1 day−1), c is
NH4

+-N consumption rate (mg kg−1 day−1), t is time (1 day),
APE is atom percent 15N excesses of NH4

+ pool, and [NH4
+]

is total NH4
+-N concentration (mg kg−1). Gross nitrification

and NO3
− consumption rates were calculated in a similar

manner by substituting NO3
− concentrations and atom percent

15N excesses of NO3
− in the above equations.

Another portion of the KCl extract was used to deter-
mine soil NH4

+-N (Keeney and Nelson 1982) and NO3
−-

N concentrations by a colorimetric method (Miranda et al.
2001). Soil net N mineralization and nitrification rates
were calculated from the differences of soil (NH4

+ +
NO3

−)-N and NO3
−-N pool sizes after and before incuba-

tion. For the determination of soil DOC, a portion of KCl
extracts before incubation was diluted with deionized
water and determined using a TOC-VCSN total organic C
analyzer (Shimadzu, Kyoto, Japan).

Statistical analysis

A general linear model (GLM) was used to analyze for
treatment effects (SPSS 19.0, IBM Corp., Armonk, NY,
US). All data were tested for homogeneity of variance and
normality of distribution. Soil NO3

−-N concentration and
gross nitrification rate were log transformed, and soil
gross NO3

−-N consumption rate was sin transformed to
meet homogeneity of variance assumptions. Back-
transformed data were then reported. A two-way
ANOVA was performed to test for effects of factors (i.e.,
wheat straw and biochar additions) and their interactions
on each measured parameter. When an interaction effect
was present; a one-way ANOVA followed by the Tukey’s
test was used for multiple comparison among the four
treatments (i.e., CK, B, S, and BS). Pearson’s correlation
analysis was used to assess relationships between soil N
transformation rates and the soil chemical properties
across all data of four treatments. Statistical significance
was set at α=0.05.

Results

Soil pH, DOC, TOC, TN, and C/N ratio

There were no significant interactions between wheat straw
and its biochar additions on soil pH, DOC, TOC, TN, and C/N
ratio. Soil pH, DOC, and TN did not change after wheat straw
and/or its biochar applications (Table 2). However, TOC
increased by 4 (p=0.039) and 16 % (p<0.001) after wheat
straw and its biochar additions, respectively. Soil C/N ratio
was increased by biochar (p=0.01), but not by wheat straw
addition.

Soil NH4
+-N and NO3

−-N concentrations

Soil NO3
−-N was the main form of soil inorganic N in this

study, and NO3
−-N (ranging from 17.24 to 53.08 mg kg−1)

was markedly higher than NH4
+-N (ranging from 1.80 to

3.87 mg kg−1). There were no significant interactions between
wheat straw and its biochar additions on soil NH4

+-N and
NO3

−-N (Fig. 1). Wheat straw and/or its biochar did not
change NH4

+-N 15 months after their additions (Fig. 1a).
However, application of biochar (p=0.004), but not wheat
straw (p>0.05), increased NO3

−-N (Fig. 1b).

Soil CO2 and N2O emission rates

There were no significant interactions between wheat straw
and its biochar additions on CO2 and N2O emission rates
(Fig. 2). Wheat straw addition increased CO2 and N2O emis-
sion rates by 40 (p<0.001) and 17 % (p=0.03), respectively.
However, biochar addition did not affect CO2 and N2O emis-
sion rates (Fig. 2).

Table 2 Effects of wheat straw and its biochar on soil total organic C
(TOC), dissolved organic C (DOC), total N (TN), C/N ratio, soil inor-
ganic N concentrations, and soil pH two growing seasons after their
addition in an agricultural field experiment

CK S B SB

pH 5.52 (0.19) 5.75 (0.11) 5.57 (0.11) 5.66 (0.05)

TOC (g kg−1) 65.9 (0.79) 67.8 (1.19) 75.3 (0.82) 79.3 (1.88)

TN (g kg−1) 5.60 (0.15) 5.65 (0.30) 5.59 (0.19) 5.75 (0.21)

C/N 12 (0.25) 12 (0.41) 14 (0.63) 14 (0.41)

DOC (mg kg−1) 84.9 (8.98) 87.9 (11.29) 80.4 (7.78) 81.4 (9.39)

NH4
+-N (mg kg−1) 2.53 (0.14) 2.39 (0.25) 2.69 (0.35) 3.16 (0.37)

NO3
−-N (mg kg−1) 21.5 (1.38) 30.2 (3.69) 38.6 (2.65) 39.8 (7.95)

Values represent means (n=4) and standard errors in brackets

CK control, S wheat straw addition, B biochar addition, SB wheat straw
and its biochar addition
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Gross and net N transformation rates

No significant interactions between wheat straw and its bio-
char additions on gross and net N transformation rates were
observed. Soil gross N mineralization and gross nitrification
rates ranged from 2.16 to 5.36 mg N kg−1 day−1 and 6.99 to
30.66 mg N kg−1 day−1, respectively. Wheat straw and/or its
biochar addition did not change gross N mineralization and
NH4

+-N consumption rates (Fig. 3a, c). However, gross nitri-
fication rates were doubled after biochar application
(p<0.001) (Fig. 3b), while gross nitrification rates were not
affected by wheat straw addition. Similarly, gross NO3

−-N
consumption rates were increased by biochar addition
(p<0.05), but not by wheat straw addition (Fig. 3d). Net N
mineralization and net nitrification rates were not affected by

wheat straw and/or its biochar additions or their interactions
(Fig. 3e, f).

Gross N mineralization and NH4
+-N consumption rates

were positively correlated with TN, DOC, and pH (Table 3).
Gross nitrification rates were positively correlated with TOC,
C/N ratio, and nitrate concentration. There were positive
correlations between net N mineralization and soil pH and
NO3

−-N, and between net nitrification and soil pH.

Discussion

It has been suggested that the residence time of biochar in the
soil may be on decadal to centennial scales, depending on the
feedstock and the process used for producing the biochar

Fig. 1 Effects of wheat straw and its biochar on soil a NH4
+-N and b

NO3
−-N concentrations 15 months after their addition to a Black Cher-

nozemic soil planted to barley. Treatment codes of CK, S, B, and SB refer
to control, wheat straw addition, biochar addition, and wheat straw plus
its biochar addition, respectively. Error bars represent standard errors (n=
4). ns and asterisk indicate t test results of p>0.05 and p<0.05,
respectively

Fig. 2 Effects of wheat straw and its biochar on a soil CO2 and b N2O
emission rates 15 months after their addition to a Black Chernozemic soil
planted to barley. Treatment codes of CK, S, B, and SB refer to control,
wheat straw addition, biochar addition, and wheat straw plus its biochar
addition, respectively. Error bars represent standard errors (n=4). ns,
single asterisk, and triple asterisks indicate t test results of p>0.05,
p<0.05, and p<0.001, respectively
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(Hockaday et al. 2006; Steinbeiss et al. 2009). As a result of
that, biochar application has been proposed as a potential
means to offset CO2 emissions derived from fossil fuel use

(Reijnders 2009). In this study, biochar application increased
TOC but did not change soil CO2 emission. The small or
complete lack of effects of biochar on soil C mineralization

Fig. 3 Effects of wheat straw and
its biochar on a soil gross N
mineralization, b gross
nitrification, c soil NH4

+-N and d
NO3

−-N consumption rates, e soil
net N mineralization, and f net
nitrification rates 15 months after
their addition to a Black
Chernozemic soil planted to
barley. Treatment codes of CK, S,
B, and SB refer to control, wheat
straw addition, biochar addition,
and wheat straw plus its biochar
addition, respectively. Error bars
represent standard errors (n=4).
ns, single asterisk, and triple
asterisks indicate t test results of
p>0.05, p<0.05, and p<0.001,
respectively

Table 3 Pearson’s correlation coefficients for the correlation between soil N cycling rates and soil chemical properties

TOC TN C/N DOC pH NH4
+-N NO3

−-N

Gross N mineralization ns 0.67** ns 0.73** 0.63** ns ns

Gross NH4
+-N consumption ns 0.72** ns 0.64** 0.51* ns ns

Gross nitrification 0.76** ns 0.75** ns ns ns 0.85**

Gross NO3
−-N consumption ns ns ns ns ns ns ns

Net N mineralization ns ns ns ns 0.57* ns 0.52*

Net nitrification ns ns ns ns 0.64** ns ns

TOC total organic C, TN total N, C/N soil C/N ratio, DOC dissolved organic C, ns not significant

*p<0.05; **p<0.01
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rates was also observed in some short-term studies (Smith
et al. 2010; Bell and Worrall 2011; Wu et al. 2013) and a
year-long study (Jones et al. 2012). In contrast, soil CO2

emission was enhanced by the raw wheat straw application
in this laboratory incubation experiment and under field con-
ditions where soil CO2 emission rates were determined week-
ly during 2010 and 2011 in the same study site (data not
show). Cheng et al. (2012) also found that wheat straw rather
than its biochar stimulated CO2 emission in a Black
Chernozemic soil over 12-day incubation. Considering the
increase in soil C storage after biochar application and the
enhanced CO2 release by wheat straw application, biochar
application should provide substantial benefit to C sequestra-
tion in soils as compared with the application of the raw straw
(Jones et al. 2011). Substrate inputs from wheat straw and
biochar and soil physical conditions (e.g., soil moisture con-
tent and pH) are main controlling factors on soil C minerali-
zation (Aciego Pietri and Brookes 2009; Yu et al. 2013).
However, there were no significant differences in soil DOC
and pH between the CK and treated soils 15 months after
addition (Table 2), reflecting changes in native and recently
added C mineralization, but no longer the increases of soil
active C inputs from wheat straw or biochar. Thus, the in-
creased CO2 emission after wheat straw addition was likely
related to changes in soil microbial biomass and community
structure (Aciego Pietri and Brookes 2009).

Straw application not only increased the rate of emission of
CO2, but also N2O, which has a greater global warming
potential. Stimulated N2O emission after plant residue addi-
tion has frequently been reported (Chantigny et al. 2001;
Miller et al. 2008; Begum et al. 2014), indicating increased
microbial denitrification and nitrification processes responsi-
ble for N2O emissions in agricultural soils (Firestone and
Davidson 1989). In this study, wheat straw addition did not
affect gross nitrification rates. Thus we infer that wheat straw
application increased soil denitrification, contributing to the
enhanced N2O emission rate in that treatment. Li and Lang
(2014) found that the contribution of denitrification to N2O
emission was 32.1 % of the total N2O emission in an uncul-
tivated soil and 43.2 % in a cultivated soil. Microbial activity
and O2 consumption can be increased because of a higher
available C from plant residue addition, which might lead to
conditions favorable for denitrification (Miller et al. 2008).

On the other hand, N2O emission rates did not increase
15 months after biochar application. Similarly, the lack of
treatment effect of biochar addition on soil N2O emission
was also observed in a 2-week laboratory incubation experi-
ment where biochar was added to a Black Chernozemic soil
(Cheng et al. 2012), and the suppressing effects of biochar
addition on N2O emission were found as compared with the
control under the field condition in the same experiment site in
two growing seasons (data not shown). Zwieten et al. (2013)
also found that poultry litter biochar reduced N2O emission

compared with the raw poultry litter addition. A meta-analysis
conducted by Cayuela et al. (2014) suggested that biochar
could reduce soil N2O emission by 54 % in laboratory and
field studies. However, Verhoeven and Six (2014) observed
that annual cumulative N2O emissions of biochar treatment
were significantly higher than the control treatment in a 2-year
field experiment. The biochar application rate, pyrolysis con-
ditions, and C/N ratio were shown to be key factors influenc-
ing soil N2O emission (Cayuela et al. 2014). Many studies
have indicated improved soil aeration leading to a reduction in
denitrification rates, which is a mechanism behind reduced
N2O emissions after biochar addition (Spokas et al. 2009;
Cayuela et al. 2014). The abundance of Bradyrhizobiaceae
and Hyphomicrobiaceae involved in denitrification had been
found to decrease after biochar addition (Anderson et al.
2011). Although nitrification increased in the biochar addition
treatment, the reduction of denitrification after biochar addi-
tion might offset the increased N2O emission caused by in-
creased gross nitrification (Wang et al. 2013).

Total gross N production and consumption rates are com-
monly calculated with analytical equations based on incuba-
tion periods of 1–2 days, assuming that remineralization of
added 15N is negligible (Hart et al. 1994) or with a 15N tracing
model (Müller et al. 2004). In this study, we calculated soil
gross N mineralization, nitrification, and consumption rates of
soil NH4

+-N and NO3
−-N using the theoretical equation of

Kirkham and Bartholomew (1954). The increased gross nitri-
fication rate 15 months after biochar addition was consistent
with Nelissen et al. (2012) who found that gross nitrification
was stimulated by maize biochar addition to an agricultural
soil in a short-term laboratory study. Deluca et al. (2006) and
Ball et al. (2010) all found that the presence of charcoal in
forest soils following wildfire increased gross nitrification
mediated by ammonia-oxidizing bacteria (AOB) in both
laboratory and field studies. However, Cheng et al. (2012)
reported that biochar had no effect on gross rate of nitrification
while wheat straw depressed gross nitrification rate by 32.2 %
at early stage in a Black Chernozemic soil. This suggests that
the impact of biochar addition on soil nitrification rate was
different between the early and later stage. Moreover, soil
characteristics (e.g., soil pH and nitrifier activity) and pyroly-
sis conditions and application rates of biochar have been
demonstrated influence gross nitrification after biochar addi-
tion (Deluca et al. 2006; Nelissen et al. 2012).

Several mechanisms have been proposed to explain the
increase in gross nitrification after biochar application.
Biochar application could decrease the concentrations of plant
secondary compounds and thus alleviate their inhibitory effect
on the activity of nitrifying microbial community and increase
gross nitrification (DeLuca et al. 2006). Furthermore, Ball
et al. (2010) and Song et al. (2014) showed that charcoal or
biochar could increase the abundance and activities of AOB
responsible for nitrification. Nitrifiers could aggregate around
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biochar particles for food source due to their adsorption of
various soluble C substances and produce a biofilm structure
essential for nitrification (Berglund et al. 2004).

We found that soil NO3
−-N increased 15 months after

biochar addition. Stimulation of soil gross nitrification rate
with biochar might account for the changes in soil NO3

−-N.
Moreover, higher amino acid and NO3

−-N contents in the
burial aged biochar than in the fresh biochar have been re-
ported (Jones et al. 2012), though several studies did not
observe the significant differences of soil NO3

−-N with the
year-long amendment of biochar (Castaldi et al. 2011;
Verhoeven and Six 2014). Given the increase of soil NO3

−-
N and gross nitrification rates in our experiment, N loss
potential through leaching might be increased by biochar
application in the agricultural soil. If the increased soil
NO3

−-N can be taken up by crop plants and the N use effi-
ciency improved with biochar addition as was observed in a
greenhouse experiment in Prendergast-Miller et al. (2011),
then the increased NO3

−-N in our laboratory incubation sam-
ples may not be a concern. This illustrates the need to study
the impact of biochar application on soil N leaching and N
uptake by crop plants in long-term field experiments.

Conclusions

We conclude that soil C and N cycling processes were
changed by wheat straw and its biochar application in a
Black Chernozemic soil planted to barley. Addition of biochar
instead of wheat straw to agricultural soils has the potential to
reduce CO2 and N2O emission rates and increase soil C
sequestration; thus, biochar application should be encouraged
in agricultural practices. However, gross nitrification rate and
NO3

−-N increased after biochar application, which might lead
to a potential risk of N leaching loss in agricultural soils. As
such, we have guided readers with suggestions to address
specific soil C and N cycling processes associated with green-
house gas emissions before large-scale application of biochar
in agricultural soils. In particular, the implication of the in-
creased gross nitrification rate and NO3

−-N in the biochar
addition treatment for soil NO3

−-N dynamics and N2O emis-
sions needs to be further studied.
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