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ABSTRACT
Biochar amendment is considered a potential strategy to improve soil fertility and mitigate climate change, yet its specific effects on the fate of

fertilizer-derived and native soil nitrogen remain unclear. To elucidate the effect of biochar amendment on soil nitrogen (N) transformation and nitrous
oxide (N2O) emission, a 56-d soil incubation experiment was conducted using 15N isotope tracing to monitor the fate of N. Three treatments were set up:
i) no addition of N or biochar control (CK), ii) addition of 15N-labeled ammonium sulfate ((NH4)2SO4) (NS), and iii) combined addition of 15N-labeled
(NH4)2SO4 and biochar (NS+BC). The 15N abundances in soil ammonium (NH+

4 ), nitrate (NO−
3 ), microbial biomass N (MBN), particulate organic N

(PON), mineral-associated total N (MTN), and N2O were measured. Compared with NS, endogenous soil N-derived NH+
4 -N and N2O decreased significantly

by 34.4%–67.6% and 18.3%–51.2%, respectively, and exogenous N-derived NH+
4 -N, MTN, and N2O decreased significantly by 49.6%–81.4%, 15.0%–47.0%,

and 42.3%–76.5%, respectively, in NS+BC during the first 14 d. Biochar amendment significantly increased endogenous and exogenous soil N retention
in MBN by 16.7%–40.1% and over 200 times, respectively, during the first 21 d. The endogenous and exogenous soil N retention in PON increased by
12.5%–27.0% and 18.2%–78.5%, respectively, over the whole incubation period. For MTN, the endogenous and exogenous soil N retention increased by
3.9%–6.1% and 24.9%–30.6%, respectively, from days 21 to 56. The contribution of endogenous N to the total N2O emission was > 80% across treatments.
These results show that biochar amendment can mitigate soil N2O emission and promote inorganic N translocation into MBN, PON, and MTN in soil.
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INTRODUCTION

Nitrogen (N) is an essential limiting nutrient in agroe-
cosystems and plays an important role in the environment
(Erisman, 2021; Maaz et al., 2021). The combined appli-
cation of chemical fertilizer with biochar has been used to
improve soil fertility and mitigate N loss in recent years (Ding
et al., 2016; Liu et al., 2018; Craswell et al., 2021). Biochar
is a recalcitrant carbon (C)-rich substance that is produced
by thermal degradation of waste biomass under anaerobic
conditions (Tan et al., 2017). Previous research has indicated
that biochar amendment could alter N transformation mainly
by regulating soil physical and biological properties (Sashid-
har et al., 2020). Currently, the magnitude and direction of
this effect are not clear because there is a lack of consensus
among previous reports (Bai et al., 2015; Borchard et al.,
2019). Therefore, it is essential to quantify the fate of soil

N to improve our understanding of the effect of biochar
amendment on soil fertility.

In terrestrial ecosystems, soil inorganic N, ammonium-N
(NH+

4 -N) plus nitrate-N (NO−
3 -N), can be directly assimilated

by soil microbes and plants, or it can enter the soil N pool
and be retained in soil via biotic and abiotic pathways
(Qiu et al., 2016). The soil N pool is mainly made up of
microbial biomass N (MBN), particulate organic N (PON),
and mineral-associated total N (MTN) (Zhang et al., 2022).
Although MBN only comprises a small portion (1%–5%)
of the total soil N, it can act as a buffer to maintain the soil
N supply. When the soil inorganic N content is excessive,
microbial immobilization of inorganic N can effectively
prevent N loss, whereas remineralization can increase the
soil inorganic N supply (Sugihara et al., 2010; Singh and
Gupta, 2018). The N stored in the soil macroparticles (⩾ 53
µm) separated by wet sieving is referred to as PON, and the
remaining N contained in soil microparticles is referred to as
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MTN (Bai et al., 2020; Zhang et al., 2022). The PON is easy
to decompose and regarded as an accessible N source for soil
microbes, whereas MTN is generally harder to decompose
and could persist over longer periods in soil (He et al.,
2015). Previous research has shown that biochar amendment
affects soil biotic and abiotic properties (Lehmann et al.,
2011; Palansooriya et al., 2019), which in turn affects the
translocation of both exogenous and endogenous N among
the N fractions mentioned above. Currently, it is not known if
biochar application affects all N fractions to the same extent.

Nitrous oxide (N2O) is released into the atmosphere as
a byproduct during N transformation among the different
soil N fractions. Release of N2O increases the risk of global
warming. Biochar amendment has been proposed as a way
to decrease N2O emission by changing soil physicochemical
properties and affecting microbial activity (Butterbach-Bahl
et al., 2013; Borchard et al., 2019; Dong et al., 2020).
However, results about the effects of chemical fertilizer
and biochar on soil N2O emission are still inconsistent
(Verhoeven et al., 2017; Liu et al., 2018). For instance,
some studies have concluded that biochar amendment could
mitigate soil N2O emission by at least 12% (Cayuela et al.,
2013, 2015; Feng and Zhu, 2017), whereas other studies
reported that combining chemical fertilizer with biochar
increases soil N2O emission (Clough et al., 2010; Shen et
al., 2014). Both exogenous and endogenous N are sources
of N2O (Alam et al., 2019), and it is unclear whether
biochar application has the same effect on both sources. To
facilitate accurate evaluation of N2O emission and develop
specific mitigation strategies, it is necessary to distinguish
and quantify N2O derived from different N sources (Xu et
al., 2023).

In this study, we conducted a soil incubation experiment
using 15N isotope tracing to explore soil N transformation
and N2O emission. The distributions of exogenous and en-
dogenous N in the soil N pool and N2O emission were
investigated under N fertilization with and without biochar
amendment. Furthermore, the dynamic responses of N de-
rived from different sources and N2O emission after biochar
application were evaluated. We hypothesized that biochar
amendment would promote exogenous N translocation into
soil organic N pools and decrease N2O emission from both
exogenous and endogenous N.

MATERIALS AND METHODS

Soil and biochar

The soil used in this study was collected from the 0–20 cm
layer of an unfertilized maize field (45◦50′ N, 126◦51′ E) after
maize harvest at the experimental station of Heilongjiang
Academy of Agricultural Sciences near Harbin, Heilongjiang
Province, China. The soil is an Udic Mollisol (Soil Survey

Staff, 2014). After thoroughly mixed and passed through a
2-mm sieve, a portion of the soil sample was air-dried and
analyzed for its physicochemical properties (Table I), and
the remainder was stored at 4 ◦C before use.

TABLE I

Basic physicochemical properties of the soil used in this study

Property Unit Value

Sand g kg−1 274
Silt g kg−1 480
Clay g kg−1 246
Organic C g kg−1 19.4
Total N g kg−1 1.8
Olsen-P mg kg−1 9.6
Available K mg kg−1 155.9
NH+

4 -N mg kg−1 1.0
NO−

3 -N mg kg−1 21.8
pH 6.9

The biochar used in this study was prepared by pyrolyzing
maize straw at 500 ◦C for 20 min in a continuous reactor. The
obtained biochar was ground using a metal mortar and pestle,
passed through a 1-mm sieve, and thoroughly homogenized.
The biochar had a pH of 9.4 and contained 10.3 g kg−1 N,
1.88 g kg−1 phosphorus, and 10.9 g kg−1 potassium. The
15N natural abundance of the biochar was 3.7‰, and the
C/N ratio was 49.3.

Experimental design

Before the experiment, fresh soil with 40% water-filled
pore space was pre-incubated at 20 ◦C in the dark for
1 week. In the soil incubation experiment, three treatments
were established as follows: i) no addition of N or biochar
control (CK), ii) addition of 15N-labeled (20.2 atom%)
(NH4)2SO4 (NS), and iii) combined addition of 15N-labeled
(20.2 atom%) (NH4)2SO4 and biochar (NS+BC). At the start
of the experiment, 220 g pre-incubated soil (i.e., 187 g dry
soil) was put into each 1-L glass bottle (a total of 72). For the
NS and NS+BC treatments, 15N-labeled (NH4)2SO4 was
added at 70 mg N kg−1 dry soil and mixed thoroughly with
the soil. For the NS+BC treatment, biochar was added at 7
g kg−1 dry soil, corresponding to a biochar/soil mass ratio
of 1:150 (weight:weight) in the plow layer (0–20 cm). Then,
all bottles were sealed with rubber stoppers and incubated in
the dark at 20 ◦C. Each day, the bottles were unsealed (by
removing the stoppers) and allowed to vent for 15 min to
ensure aerobic conditions. During the whole 56-d incubation
period, soil water-filled pore space was kept at approximately
45% based on the weighing method by adding distilled water
as described by Bai et al. (2020). At days 1, 3, 7, 14, 21,
28, 42, and 56, three bottles were retrieved from each
treatment for soil analyses, and gas samples (15 and 30 mL)
were collected from the headspaces of three bottles of each
treatment 6 h after the 15-min venting using syringes with
stopcocks.
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Laboratory analysis

To determine soil NO−
3 -N and NH+

4 -N contents, 20
g fresh soil was extracted with 1 mol L−1 KCl solution,
shaken for 60 min on a reciprocal shaker, and then filtered.
The filtrate was analyzed using a continuous-flow analyzer
(Bran Luebbe GmbH, Germany). Before determining the
15N abundance of extracted inorganic N, the NH+

4 -N was
oxidized to N2 using NaBrO, and the NO−

3 -N was reduced
to N2O using Devarda’s alloy (Hauck et al., 1994; Laughlin
et al., 1997). Then, 15N abundance was determined by mass
spectrometry (Hydra 20-22, Sercon Ltd., UK).

Soil MBN was determined using the chloroform fumi-
gation-extraction method (Vance et al., 1987). First, 25
g fresh soil was fumigated with CHCl3 at 25 ◦C for 24
h. Another 25 g fresh soil was not fumigated. Both soil
samples were extracted with 0.5 mol L−1 K2SO4 on a shaker
(220 r min−1, 0.5 h) and filtered. The Kjeldahl method was
used to quantify the K2SO4-extractable N (Cabrera and
Beare, 1993). The total 15N abundances of the extracts were
measured using a mass spectrometer. Soil MBN (mg kg−1)
was calculated as:

MBN = (Nf −Nunf)/K (1)

where Nf and Nunf are the total N contents of the fumigated
and unfumigated soils, respectively (mg kg−1), and K is a
conversion factor taking the value of 0.57 (Jenkinson, 1988).

Particulate organic matter and mineral-associated orga-
nic matter were separated using established methods (Bron-
son et al., 2004). Dry soil (< 2 mm) of 30 g was weighed into
a flask containing 120 mL 5% sodium hexametaphosphate
solution, and the flask was shaken for 60 min. The resulting
slurry was sieved through a 53-µm sieve. The < 53 µm and
⩾ 53 µm soil fractions were collected in different drying
pans and oven-dried at 60 ◦C. The N in the particulate (⩾ 53
µm) and mineral-associated (< 53 µm) organic matter were
regarded as PON and MTN, respectively. They were quan-
tified using an elemental analyzer (Elementar, Germany).
Furthermore, the 15N abundances of PON and MTN were
determined by mass spectrometry.

The 15-mL gas sample of each treatment was used to
determine the concentration of N2O by gas chromatography,
whereas the 30-mL gas sample was used to analyze the
15N abundance of N2O using a gas chromatograph with an
isotope ratio mass spectrometer (Thermo Fisher Scientific,
USA). The emission of N2O-N (E, mg kg−1) was calculated
using the following equation (Bai et al., 2020):

E =
28VP (ρs − ρn)

TRw
(2)

where ρs and ρn are the N2O concentrations of gas sample
and natural air, respectively (µL L−1), V is the headspace

volume of the glass bottle (i.e., 0.81 L), P is the standard
atmospheric pressure (i.e., 101.3 kPa), T is the absolute
temperature (i.e., 293 K), R is the universal gas constant
(i.e., 8.314 L kPa K−1 mol−1), 28 is the molar mass of N in
N2O (g mol−1), and w is the air-dried soil weight (g).

The exogenous and endogenous N-derived soil N fra-
ctions (e.g., NO−

3 -N, NH+
4 -N, MBN, PON, and MTN) or

N2O-N emission in NS or NS+BC were calculated using
the following equations:

Ndf_ex =
NT(AT −ACK)

Af −ACK
(3)

Ndf_en = NT −Ndf_ex (4)

where Ndf_ex and Ndf_en are the contents of soil fractions
(e.g., NO−

3 -N, NH+
4 -N, MBN, PON, and MTN) or emissions

of N2O-N derived from exogenous and endogenous N, res-
pectively, in NS or NS+BC (mg kg−1), NT is the content
of the corresponding soil fraction or emission of N2O-N
in NS or NS+BC (mg kg−1), and AT, ACK, and Af are
the 15N excess abundances in NS or NS+BC, CK, and the
15N-labeled (NH4)2SO4, respectively.

Statistical analysis

Data analysis was carried out using the SPSS 17.0
software. The level of statistical significance was set at 0.05.
Studen’s t-test was used to compare the differences between
treatments. To calculate the cumulative N2O emission during
the 56-d incubation, linear interpolation was used to estimate
the gas emission values for the missing days.

RESULTS

Soil N fractions

Compared with CK, both NS and NS+BC significantly
increased endogenous N-derived NO−

3 -N and inorganic N
over the whole incubation period and NH+

4 -N during the
first 14 d (Fig. 1). Compared with NS, NS+BC significantly
decreased the contents of endogenous N-derived soil NH+

4 -
N and inorganic N by 34.4%–67.6% and 8.1%–18.2%,
respectively, during the first 7 d, significantly decreased the
contents of exogenous N-derived soil NH+

4 -N and inorganic N
by 49.6%–81.4% and 8.5%–38.2%, respectively, during the
first 14 d, and significantly increased exogenous N-derived
soil NO−

3 -N by 15.1%–204.9% during the first 7 d.
After (NH4)2SO4 application, the content of MBN de-

rived from endogenous N increased significantly by 18.6%–
86.9% over the whole experimental period (Fig. 2). Com-
pared with NS, NS+BC significantly increased the contents
of endogenous and exogenous N-derived MBN by 16.7%–
40.1% and more than 200 times, respectively, during the first
21 d.

Compared with CK, NS significantly decreased the con-
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Fig. 1 Contents of endogenous and exogenous N-derived NH+
4 -N, NO−

3 -N, and NH+
4 -N + NO−

3 -N (i.e., inorganic N) in soil of different N fertilizer and
biochar application treatments during a 56-d soil incubation experiment. Error bars are standard errors of the means (n = 3). Different letters above the bars
represent significant differences between treatments for a same time at P < 0.05. CK = no addition of N or biochar control; NS = addition of 15N-labeled
(20.2 atom%) (NH4)2SO4; NS+BC = combined addition of 15N-labeled (20.2 atom%) (NH4)2SO4 and maize straw biochar.

Fig. 2 Contents of endogenous (a) and exogenous (b) N-derived microbial biomass N (MBN) in soil of different N fertilizer and biochar application
treatments during a 56-d soil incubation experiment. Error bars are standard errors of the means (n = 3). Different letters above the bars represent significant
differences between treatments for a same time at P < 0.05. CK = no addition of N or biochar control; NS = addition of 15N-labeled (20.2 atom%)
(NH4)2SO4; NS+BC = combined addition of 15N-labeled (20.2 atom%) (NH4)2SO4 and maize straw biochar.

tent of endogenous N-derived PON by 8.7%–15.6% during
the 56-d incubation except at day 7 and increased the content
of endogenous N-derived MTN by 7.1%–14.1% during the
first 14 d (Fig. 3). Compared with NS, NS+BC signifi-
cantly increased the contents of endogenous and exogenous
N-derived PON by 12.5%–27.0% and 18.2%–78.5%, res-
pectively, over the whole incubation period, significantly
decreased the content of exogenous N-derived MTN by
15.0%–47.0% during the first 7 d, and significantly increased
the contents of endogenous and exogenous N-derived MTN
by 3.9%–6.1% and 24.9%–30.6%, respectively, from days
21 to 56.

N2O emission

Compared with CK, NS treatment significantly increased
the emission of endogenous N-derived N2O by 23.8%–
336.2% during the first 42 d (Fig. 4). Compared with NS,
NS+BC significantly decreased the emission of endogenous
N-derived N2O by 18.3%–51.2% throughout the incubation
period except at day 56 and significantly decreased the
emission of exogenous N-derived N2O by 42.3%–76.5%
throughout the incubation period.

The total N2O emissions were in the order of NS >

NS+BC > CK for the whole incubation period (Table II).
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Fig. 3 Contents of endogenous and exogenous N-derived particulate organic N (PON) and mineral-associated total N (MTN) in soil of different N fertilizer
and biochar application treatments during a 56-d incubation experiment. Different letters above the columns represent significant differences between
treatments for a same time at P < 0.05. Error bars are standard errors of the means (n = 3). CK = no addition of N or biochar control; NS = addition of
15N-labeled (20.2 atom%) (NH4)2SO4; NS+BC = combined addition of 15N-labeled (20.2 atom%) (NH4)2SO4 and maize straw biochar.

Fig. 4 Emissions of endogenous (a) and exogenous (b) N-derived N2O in different N fertilizer and biochar application treatments during a 56-d soil
incubation experiment. Error bars are standard errors of the means (n = 3). Different letters above the bars represent significant differences between treatments
for a same time at P < 0.05. CK = no addition of N or biochar control; NS = addition of 15N-labeled (20.2 atom%) (NH4)2SO4; NS+BC = combined
addition of 15N-labeled (20.2 atom%) (NH4)2SO4 and maize straw biochar.

Compared with NS, the exogenous and endogenous N-
derived N2O emissions from NS+BC decreased significantly
by 58.7% and 31.1%, respectively.

DISCUSSION

Soil N pools

As the preferred N source for soil microbes (Wong et al.,
2008; Geisseler et al., 2010), the transformation of NH+

4 -
N is intensified if there are additional available C sources
(Fischer and Kuzyakov, 2010; Fischer et al., 2010). Biochar

contains a small fraction of available C and has a large specific
surface area, which is beneficial for microbe survival and will
enhance microbial N demand in the short term (Keith et al.,
2011; Farrell et al., 2013). We found that biochar application
significantly decreased the transformation of both exogenous
and endogenous N to NH+

4 -N (Fig. 1) and promoted the
translocation of these N sources into soil organic N (MBN
and PON) during the first 21 d (Figs. 1–3). These results
supported our hypothesis that biochar application would
promote exogenous N translocation into soil organic N pool.
Additionally, biochar application decreases soil bulk density
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TABLE II

Cumulative emissions of N2O derived from endogenous (N2O-en) and
exogenous (N2O-ex) N in different N fertilizer and biochar application
treatments at the end of a 56-d soil incubation experiment

Treatmenta) N2O-en N2O-ex Totalb)

mg N kg−1

CK 38.3 ± 1.9c)cd) 38.3 ± 1.9c
NS 65.4 ± 3.4a 15.9 ± 1.6a 81.3 ± 1.8a
NS+BC 45.1 ± 4.6b 6.6 ± 0.6b 51.7 ± 2.2b

a)CK = no addition of N or biochar control; NS = addition of 15N-labeled
(20.2 atom%) (NH4)2SO4; NS+BC = combined addition of 15N-labeled
(20.2 atom%) (NH4)2SO4 and maize straw biochar.
b)N2O-en + N2O-ex.
c)Means ± standard errors (n = 3).
d)Different letters within a column indicate significant differences between
treatments at P < 0.05.

and improves soil aeration (Oguntunde et al., 2008; Major et
al., 2010), which enhances NH+

4 -N oxidation to NO−
3 -N in

the short term (Hale et al., 2023). Thus, biochar application
significantly decreased exogenous N-derived NH+

4 -N and
increased exogenous N-derived NO−

3 -N during the first 7 d.
However, there was no significant difference in endogenous
N-derived NO−

3 -N between NS and NS+BC throughout the
incubation period. This was attributed to the fact that the
content of endogenous N-derived NH+

4 -N was much lower
than that of fertilizer N-derived NH+

4 -N.
In our research, biochar-N was applied at 72.1 mg kg−1

soil. It has been demonstrated that biochar produced at >
500 ◦C is highly resistant to decomposition (Lee et al., 2013;
Fiorentino et al., 2019). Thus, the contribution of biochar-N
to PON should be negligible in NS+BC. However, compared
with NS, NS+BC significantly increased the transformation
of exogenous and endogenous N to PON throughout the
incubation period. This was probably due to two reasons.
First, biochar can serve as a nucleus for soil particles, and
its microporous structure and large specific surface area are
beneficial for N adsorption (Tan et al., 2017), which would
contribute to the formation of PON. Second, microbial se-
cretions can function as transient binding agents to form
macroaggregates (Du et al., 2017), and higher microbial
activities commonly found in biochar application treatments
would contribute to the formation of PON. For MTN, previ-
ous research has shown that biochar application enhances
inorganic N fixation on the surfaces of soil minerals because
of the high cation exchange capacity of biochar (Tan et
al., 2017; Sokol et al., 2019), which increases the content
of MTN. However, our results were different for fertilizer
N-derived MTN during the first 7 d. This difference was
ascribed to the competition and fast assimilation of N by soil
microbes, which would inhibit N fixation on the surfaces of
soil minerals. A noteworthy finding was that biochar appli-
cation did not affect the MTN derived from soil N during the
early stages, which was attributed to the very low content of
soil inorganic N compared with that of MTN (Fig. 3).

N2O emission

The cumulative N2O emission in NS was significantly
higher than that in CK (Table II). This was because che-
mical fertilizer N was an important source of direct soil
N2O emission, and it also enhanced endogenous N-derived
N2O emission (Li et al., 2015; Zhang et al., 2021). Our
research demonstrated that the cumulative soil N-derived
N2O emission increased by 70.8% in NS compared with
CK. This difference was attributed to two mechanisms.
First, exogenous N application has a priming effect on soil
organic N mineralization (Xu et al., 2021). Second, soil
microbes immobilize exogenous N but not endogenous N,
which increases the accessibility of endogenous N for N2O-
producing microbes (Kuzyakov et al., 2000). The average
contribution of exogenous N-derived N2O to the cumulative
N2O emission was 16.9%, which was much lower than that
of endogenous N-derived N2O. Therefore, endogenous N
was the main contributor to soil N2O emission in this re-
search. This result agreed with previous research by Li et al.
(2013) and Bai et al. (2020) on black soil. The background
emission value of N2O from black soil is relatively high. The
cumulative emission of N2O derived from endogenous N in
CK of the present study was 38.3 mg N kg−1, which was
much higher than the cumulative emission of N2O derived
from exogenous N in NS and NS+BC.

Compared with NS, NS+BC significantly mitigated
N2O emission from both endogenous and exogenous N
sources (Fig. 4, Table II), which was consistent with the
results of other studies (Verhoeven et al., 2017; Borchard
et al., 2019). There are several possible reasons for the
lower N2O emission in NS+BC. First, biochar application
can decrease the bioavailability of soil inorganic N, and
the non-electrostatic adsorption of NO−

3 -N and/or NH+
4 -N

on biochar will decrease the availability of endogenous N
for nitrification and denitrification (Nelissen et al., 2014;
Saarela et al., 2020; Begum et al., 2021). Second, a fraction
of the labile organic C source contained in biochar plays
an essential role in reducing soil N2O emission. This labile
organic C could be rapidly assimilated by soil microbes for
their growth and N immobilization (Fig. 2), which could also
reduce the availability of endogenous N for nitrification and
denitrification. Third, previous research using meta-analysis
has shown that biochar can act as a redox catalyst to facilitate
electron translocation to denitrifiers, which would enhance
the reduction of N2O.

CONCLUSIONS

Compared with N chemical fertilizer application alone,
biochar amendment significantly decreased the bioavaila-
bility of both exogenous and endogenous N-derived inorganic
N and promoted their storage in organic forms (i.e., MBN,
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PON, and MTN) in soil. Additionally, endogenous N was
the main factor contributing to cumulative N2O emission.
Chemical fertilizer application greatly increased soil N2O
emission mainly by enhancing endogenous N-derived N2O
emission. Biochar amendment significantly mitigated en-
dogenous and exogenous N-derived N2O emission. Overall,
biochar amendment could decrease the bioavailability of soil
inorganic N and N2O emission and promote N retention in
organic forms in soil.
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