
Introduction

Carbon dioxide (CO2), methane (CH4) and nitrous 
oxide (N2O) are three major greenhouse gases (GHGs) 
and all of them have increased sharply since 1750 due 
to human activities. Over a 100-year time period,the 
global warming potential (GWP) of CH4 and N2O are 

34 and 298 times greater than CO2, respectively [1]. 
Besides, N2O in the atmosphere is also playing an 
important role in damaging the stratospheric ozone 
layer [2]. Agricultural soil is an important source of 
anthropogenic GHG emissions due to a mass of nitrogen 
(N) fertilizer application [3]. Reducing agricultural  
soil GHG emissions has gained attention worldwide 
because of the GWP of GHGs and maintains the 
sustainbility of agricultural production [4]. Thus, there 
is an urgency to look for an effective method that can 
mitigate agricultural soil GHG emissions.
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Abstract

Acidic tea soil is an important greenhouse gas (GHG) emission source.Few studies have been done 
to investigate the impact of alkaline biochar addition on acidicsoil GHG emissions. We carried out a 
40-day aerobic incubation experiment to investigate the alkaline biochar amendment on carbon dioxide 
(CO2), methane (CH4), and nitrous oxide (N2O) emissions from an acidic tea soil under N application. 
Soil samples were collected in the 0-15 cm layers from a tea orchard of Purple Mountain in Nanjing, 
Jiangsu Province, China. The results showed that biochar amendment significantly increased soil pH, 
dissolved organic carbon (DOC), total dissolved nitrogen (TDN), and the ratio of DOC/TDN at the 
end of incubation. N fertilization increased all three GHG emissions. In contrast, biochar amendment 
significantly decreased soil CO2 and N2O emissions by 7.2-9.3% and 36.3-44.2%, respectively. Although 
the interaction of biochar and N fertilizer on soil CO2 and CH4 emissions were not obvious, N2O 
emissions were significantly affected by their interaction. Consistent with CO2 and N2O emissions, 
the net GWP was significantly decreased by biochar addition. Overall, the present study suggests that 
biochar amendment could be used as an effective management mitigating soil GHG emissions and the 
net GWP from the acidic tea field soil.
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Tea (Camellia sinensis), an important cash 
crop, is planted widely in China [5-6]. In addition, as  
a leaf-harvested crop, Nnutrient is vital for increasing 
tea yield and quality [7]. Therefore, tea fields in China 
always receive large amounts of nitrogen fertilizer. 
For instance, annual N fertilizer application rates have 
always exeeded 450 kg N ha−1 (or even more than 
1200 kg N ha−1)on tea plantations in China [6, 8-9], 
which obviously exceeds the suggested rate of  
250-375 kg N ha−1 yr−1 for high yields of tea plantations 
[10]. Undoubtedly, such high N fertilizer application 
could result in environemtal problems such as soil 
acidification and high rates of soil GHGs (especially  
N2O) emissions [8, 11]. Long-term soil acidity could 
supress tea production while enhancing soil N2O 
emissions, thus making a negative impact on tea 
plantation ecosystems [6, 12]. It was reported that 
soil GHGs (especially N2O) emissions from tea fields 
induced by N ferlization, were much higher than those 
from other crop fields [6, 13-14].

Biochar amendment to a field, always with high 
pH and rich carbon content, has been well reported 
as an effective management strategy to counteract 
soil acidification for sustainable agriculture while 
reducing soil GHG emissions [15-21]. Biochar plays an 
important role in accommodating soil processes (e.g., 
soil nitrification, denitrification and organic matter 
mineralization), thus it affects soil C and N cycling 
[22]. The effect of biochar addition on soil GHG 
emissions has been investigated deepy, but the results 
were inconsistent. Generally, previous studies showed 
that soil N2O emissions could be reduced significantly 
with biochar addition, particularly in acidic soils [23-
26]. However, the effect of biochar amendment on soil 
CO2 and CH4 emisions is a different controversy [27-29]. 
Thus resulting in poor understanding of how biochar 
addition affects soil GHG emissions and the related 
GWP.

Here we examined the effect of an alkaline biochar 
addition on GHG emissions from an acidic tea soil with 
N application. Our aim was to evaluate the biochar 
effect on CO2, CH4 and N2O emissions and the related 
GWP from acidic tea soil. We hypothesized that 1) 
biochar would result in a significant reduction in N2O 
emissions through increasing soil pH and 2) biochar 
could be used as an effective supplement to reduce 
acidic tea soil GWP.

Materials and Methods

Soil Sampling and Biochar

Soil samples were collected in the 0-15 cm layers 
from a tea orchard of Purple Mountain in Nanjing, 
Jiangsu Province, China (32°07′N, 118°86′E). Thirty-
six soil cores were collected randomly and mixed 
homogenously to are presentative soil sample. After 
being air-dried for 15 days, any visible plant detritus 

and fragments were picked out by hand, and the soil 
samples were then sieved at 2 mm. Soil physicochemical 
properties are shown in Table 1. The biochar used in 
this study was produced from wheat straw through low-
temperature pyrolysis (500ºC) and also ground to pass 
through a 2-mm sieve. Biochar was characterized by a 
pH of 10.9. Total N content was 6.1 g kg−1 and organic C 
content was 467.2 g kg−1.

Incubation

Four treatments were performed in our experiment: 
control, biochar amendment (+Biochar), N application 
(+Nitrogen), and biochar plus N amendment  
(+B&+N). Each treatment included four replicates. For 
each treatment, 100 g of air-dried soil was added to  
a conical flask with 250 ml space, receiving 4 g (4% 
w/w)biochar added to each soil, and biochar were 
thoroughly mixed with the soil. Then distilled water 
was used to meet the desired soil water content of 60% 
water-holding capacity (WHC). Thereafter, the flaskes 
were pre-incubated for one week in order to stabilize the 
microbial activity and thus avoid the undesired microbial 
peaks [30]. Pre-incubation and the subsequent incubation 
were performed without light at room temperature 
(25±1ºC) for 40 days. Flasks were hermetically sealed 
with para film to prevent water evaporation. Every 2 or 
3 days, flasks were weighed and distilled water was used 
to replenish water losses if necessary. At the same time, 
another group was set up and incubated for measuring 
soil mineral N (NH4

+−N, NO3
−−N) content changes at 

days 3, 5, 10, 20 and 40.

Greenhouse Gases Measurement

Gas sampling was taken by a gas-tight syringe from 
the heads pace of the flasks after pre-incubation. Gas 

Property Value

Clay (%) 40.67±1.09

Sand (%) 49.17±1.01

Silt (%) 10.16±0.36

Total C (g kg-1) 13.91±0.34

Total N (g kg-1) 1.35±0.02

Soil C/N ratio 10.34±0.37

pH, H2O(1:2.5) 4.69±0.03

Dissolved organic C (mg kg−1) 98.03±5.12

Dissolved organic N (mg kg−1) 24.02±1.80

NH4
+−N (mg kg−1) 15.82±1.96

NO3
−−N (mg kg−1) 29.97±2.00

Bulk density (g cm-3) 1.27±0.02

Table 1. Soil physicochemical properties (mean±SE) before 
the incubation.
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sampling was measured after 1, 2, 3, 4, 5, 6, 7, 9, 10, 
12, 15, 18, 20, 22, 25, 30, 35 and 40 days of incubation.  
For each measurement, the heads pace air in the flasks 
was thoroughly mixed with ambient air for 1 min at a 
rate of 200 mL min−1 before gas sampling. The flasks 
were then capped promptly with silicone rubber stoppers, 
which gave an airtight seal, then kept with butyl  
rubber 2 h for gas sampling. The ambient air gas sample 
was used as the initial concentration for calculating the 
GHG emission rate. After this period the air in the heads 
pace of incubation flasks were sampled to determine the 
gas concentration increase. Then flasks were flushed 

with ambient air again and kept open after sampling. 
Gas samples were analyzed with a gas chromatograph 

(Agilent 7890A, USA) equipped with two detectors 
within 6 hours: a flame ionization detector (FID) and 
an electron capture detector (ECD). CO2 and CH4 were 
detected using FID, and N2O was detected using ECD. 
CO2 was reduced to CH4 by hydrogen, which occurred 
in a nickel catalytic converter at 375ºC. Purified gas of 
nitrogen and a gas mixture of argon-methane (5%) were 
used as the carrier gases for CO2 and N2O, respectively. 

Soil Chemical Analysis

After incubation, soil samples were extracted with 
2 M KCl solution (soil/water ratio of 1:5) and shaken 
at 200 rev min−1 for 1h at 25ºC. Then the soil extracts, 
after filtration, were used for analyzing: 1) soil dissolved 
organic carbon (DOC) and total dissolved nitrogen 
(TDN) (Shimadzu TOC−V csh, TNM−1, Kyoto, Japan), 
and 2) soil mineral N (NO3

−−N and NH4
+−N) contents 

following the two wavelength ultraviolet spectrometry 
by an ultraviolet spectrophotometer (HITA−CHI 
U−2900, Japan) [24]. Soilor biochar pH was analyzedin 
a volume ratio of 1:2.5 (soil or biochar/water) by a 
PHS−3 C mv/pH detector (Shanghai, China). 

Data Analysis

Production of CO2, CH4 and N2O were calculated 
assuming constant rates of production. The net GWP 
of GHGs was calculated by converting the production 
of CH4 and N2O into CO2 equivalents. The net GWP 
for a 100-year time horizon with inclusion of climate-
carbon feedback was calculated using a radiative forcing 
potential relative to CO2 of 34 for CH4 and 298 for N2O 
[1]. Differences in cumulative GHGs emissions and 
chemical characteristics as affected by biochar, fertilizer 
N and their interactions were examined with a two-
way analysis of variance (ANOVA). Linear or nonlinear 
regression analyses were conducted to examine the 
dependence of CO2, CH4 and N2O emissions on soil 
mineral N contents. Statistical analysis of data was 
performed using SPSS software version 21 for Windows 
(SAS, 2013). The data are presented as means±standard 
error (SE).

Results and Discussion

CO2 Emissions Influenced by Biochar 
and N Addition

Soil CO2 emissions showed a distinct variation with 
incubation progress (Fig. 1a). The highest CO2 emission 
was observed during the primary stage of the incubation 
and then decreased gently, which was probably due 
to the availability of soil labile C. Large amounts of 
CO2 emissions in the initial phase of incubation are 
probably due to heterotrophic consumption of soil 

Fi. 1. Hourly CO2 a), CH4 b) and N2O c) emissions during the 
40-day incubation. The error bars indicate the standard errors of 
means (±SE). 
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availability labile C caused by biochar addition, while 
with exhaustion of labile C resulting in slow rates of 
CO2 emissions in the final stages of incubation [24, 28]. 
A priming effect of biochar addition on CO2 emissions 
resulting in an emissions peak within three days was 
observed in this study. CO2 showed higher emissions 
at the beginning incubation period with N and biochar 
amendment than in the following incubation period. 
Furthermore, relative to no fertilizer N addition (control 
and +Biochar treatments), N addition (+Nitrogen and 
+B and +N treatments) stimulated the initial CO2 fluxes 
and the cumulative emissions, likely due to the CO2 
produced from urea hydrolysis [22]. On the contrary, 
biochar addition decreased soil CO2 emissions by 7.17% 
and 9.29% with or without N application, respectively 
(Table 2). Short-term pulses of CO2 emissions stimulated 
by biochar amendment have been reported, and ascribed 
this to additions of labile C accompanied with biochar 
amendment [24, 31-34]. Soil CO2 emissions decreased 
gradually after the emission peaks, and then slowed 
gently during the last few days of incubation. 

Over the whole incubation period, cumulative  
CO2 emissions averaged 664.10, 602.38, 744.14, and 
690.74 g kg−1 soil for the control, +Biochar, +Nitrogen, 
and +B and +N treatments, respectively (Table 2). 
Biochar addition significantly decreased soil CO2 
emissions while N application reduced its depression 
effect (-7.17% and -9.29% under the N or no N 
application treatments, respectively). In the present 
study, biochar amendment decreasing the cumulative 
soil CO2 emissions was probably due to the reduction of 
soil availability N (e.g., soil NH4

+−N decreased by 30.7% 
and 55.8% with or without N application, respectively; 
soil NO3

−−N decreased by 49.7% and 63.3% with or 
without N application, respectively) and its stable 
property and C sequestration [15, 35].

CH4 Emissions Response to Biochar 
and N Addition

Different from CO2 emissions, soil CH4 emissions 
were shown highly variable with no distinct pattern 
(Fig. 1b). During the whole incubation period, N 
application significantly stimulated soil CH4 emissions 
mainly due to the urea hydrolysis for methane bacteria 
[22]. Although there were several sporadic positive  
CH4 emission peaks observed in all treatments, the 
majority of soil CH4 emissions were negative, which 
means the soil showed as a net CH4 oxidation sink. In 
addition, relative to CO2 emissions, soil CH4 emissions 
fluctuated strongly and showed an opposite effect 
following biochar amendment associate with or without 
N application (Fig. 1, Table 2). Biochar amendment 
could improve soil aeration and decrease an oxic 
conditions in soil, thus decreasing CH4 production and 
increasing its oxidation. Further more, labile C in soils 
is also obviously influencing methane oxidation [36].

Cumulative CH4 emissions were affected by 
N application but unaffected by biochar addition  
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(Table 2). Biochar increased CH4 emissions by 
15.97% under the control treatment but decreased by  
56.41% with N application. The inconsistent effects 
of biochar (with or without N addtion) on soil CH4 
emissions should give more attention, with a focus on 
better identification and quantification of the carbon 
input by biochar.

Effects of Biochar and N Addition 
on N2O Emissions

N2O emissions followed a significant temporal 
variation during the first 20-dayincubation period, and 
the greates tN2O emissions (up to 9.89 μg kg−1 h−1)
occurred at day 18 followed by the N addition  
(Fig. 1c). Afterward, N2O emissions declined rapidly 
and were kept steadily low until the end of incubation.
N2O emissions were depressed significantly by biochar 
addition in the first 20-day incubation (-51.1%), 
but no obvious effect until the incubation finished 
(-0.9%) with N application. The short-term N2O 
emission pulses induced by N addition indicated that 
N2O emission peaks occur rapidly and shortly in 
response to fertilizer N application [24, 37-38]. The 
cumulative N2O emissions averaged 1.24, 0.79, 4.37, and 
2.44 mg kg−1 soil for the control, +Biochar, +Nitrogen, 
and +B and +N treatments, respectively. Biochar  
addition showed a more significantly inhibiting effect 
on N2O emissions with N application (-44.16%) rather 
than no N addition (-36.29%). Biochar amendment 
decreasing soil N2O emissions has also been reported 
in previous studies [24-26], which are mainly 
attributed to changes in soil C/N ration and aeration, 
soil microbial community composition and size  
structures, and microbial enzymes and processes (e.g., 
nitrification, denitrification) involved in N cycling  
in soil [25, 39-40]. In general, N2O emissions were 
significantly influenced by N fertilizer, biochar  
and their interaction from acidic tea soil in the present 
study (Table 2).

Overall Global Warming Potential

Net GWP (t CO2 equivalent ha−1) was calculated 
in our study in order to evaluate the mitigation effects  
of biochar amendment on the combined climatic  
impacts of CO2, CH4 and N2O emissions in the acidic 
teasoil. The net GWP was significantly affected by 
biochar and N application but not their interaction 
(Table 2). N addition resulted in the greatest GWP 
(745.29 g CO2(eq)kg−1), while biochar amendment 
decreased by 7.25%. The least GWP (602.35 g  
CO2(eq)kg−1) was foundin the treatment where soil was 
only amended with biochar (+Biochar), which was 
depressed by 9.31% compared with control. The net 
GWP was positive for all treatments, suggesting that the 
acidic tea soil acted as an important GHG source. Here, 
the net GWP significantly increased with N fertilization 
while decreasing with biohcar amendment throughout  
the incubation period. The obvious decrease in net 
 GWP with biochar amendment was potentially 
attributed to its C sequestration [15], and thus indicating 
that biochar amendment could be used as an effective 
management tool for mitigating the net GWP from  
the acidic tea field soil.

Soil Characteristic Changes Regulating 
GHGs Emissions

Biochar and N application significantly affected 
soil pH while showing no interactions (Table 3). The 
addition of biochar increased soil pH by more than  
1 unit compared with the control treatment. Soil mineral 
N contents were significantly influenced by both biochar 
and N addition (Table 3). Soil NH4

+−N and NO3
−−N 

contents increased significantly with N application but 
decreased with biochar addition, which means that 
biochar amendment could inhibit soil mineralization  
and nitrification. NO3

−−N increased with incubation 
time while NH4

+−N decreased sharply with N 
application. NH4

+−N contents changed rarely and were 

pH NH4
+-N(mg kg-1) NO3

--N(mg kg-1) DOC(mg kg-1) TDN(mg kg-1) DOC/TDN

Control 4.62±0.03 c 20.94±0.93 c 38.76±5.03 bc 126.97±10.62 c 29.48±2.75 c 4.32±0.07 b

+Biochar 5.72±0.02 a 9.26±0.63 d 14.24±2.10 c 177.90±7.74 ab 36.42±1.42 b 4.90±0.22 a

+Nitrogen 4.04±0.01 d 43.03±1.10 a 135.28±13.41 a 152.65±12.00 bc 39.64±2.38 b 3.84±0.11 c

+B& +N 5.29±0.14 b 29.82±1.80 b 68.01±13.32 b 188.48±12.55 a 47.01±1.76 a 4.00±0.13 bc

Biochar (B) *** *** ** ** ** *

Nitrogen (N) *** *** *** NS *** ***

B × N NS NS NS NS NS NS

Model *** *** *** ** *** ***

*, **, and *** indicate statistically significant at the 0.05, 0.01 and 0.001 probability levels by a two-way ANOVA, respectively; NS, 
not significant.

Table 3. Soil characteristics as well as results of two-way ANOVA after the 40-day incubation (mean±SE). Different letters within each 
line indicate significant differences for Fisher LSD test (P<0.05).
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kept low in the control and biochar treatments compared 
with the N treatments.

Soil N2O is primarily produced through soil 
nitrification and denitrification processes, which 
are highly dependent on soil characteristics, such 
as soil mineral N contents and pH [41-42]. Soil pH, 
which has been considered a central factorinflucing 
N transformations [43], was increased by biochar 
additionin acidic soils and might be an important factor 

decreasing N2O emissions in the present study (Table 
3). High soil pH induced by bichar addition decreased 
the N2O emissions, probably due to the high soil pH 
destoried activity of the functional N2O reductase 
enzyme, thus depressing the denitrification progress 
[25, 43-44]. N2O emissions depend significantly on 
soil mineral N in the present study (Fig. 2c), which is 
in accordance with previous studies [45]. In addition, 
Singh et al. [38] proposed that soil N immobilization  
by the sorption capacity of biochar could also reduce 
N2O emissions. We found that soil NH4

+ and NO3
− 

decreased by 30.7-55.8% and 49.7-63.3%, respectively, 
suggesting that N immobilization is an important  
factor influencing soil N2O emissions. Generally, soil 
CO2 and N2O emissions were signifcantly correlated 
with soil mineral N content during the incubation time 
(Figs 2a and c).

Biochar addition significantly affected soil DOC, 
TDN and the ratio of DOC/TDN over the whole 
incubation period. The interaction of biochar and N 
showed no effects on soil DOC, TDN and the ratio of 
DOC/TDN (Table 3).

Conculsions

This study showed that N additioncould increase 
all three GHG emissionsand the net GWP in acidic tea  
soil. However, biochar amendment significantly 
decreasedsoil CO2 and N2O emissions, and the related 
net GWP, while showing inconsistent results on CH4 
emissions. The results suggest that biochar amendment 
(either alone or combined with N) could be used as an 
effective method for reducing GHG emissions in acidic 
tea soil.
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