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Abstract
Nitrous oxide (N2O) is the third important long-lived greenhouse gas next to 
carbon dioxide and methane and croplands are considered biogeochemical hot-
spots of soil N2O emissions. To reduce soil N2O and other greenhouse emissions, 
climate-smart agricultural practices including biochar application have been ap-
plied. Many studies have been conducted with biochar application but results 
from these studies are not conclusive. To address this issue, meta-analysis, a 
quantitative review that synthesizes results from multiple independent studies, 
has been widely used. The results from different meta-analyses also differ but are 
seldomly evaluated. In this study, we evaluated meta-analyses on the effects of 
biochar application on soil N2O emissions. A grand mean response ratio (RR) was 
further proposed to estimate an overall effect and the impacts of experiment set-
ting, properties of biochar and soil, and agricultural practices. We found 18 meta-
analysis papers were published between 2014 and 2022. Sample size (publications 
or experiments) varied from less than 30 to more than 1000, with a mean sample 
size of 275. RR was calculated in all studies except one. While four meta-analyses 
did not find a significant effect of biochar application on soil N2O emissions, all 
others reported reductions of soil N2O emissions, but the magnitude ranged from 
−10.5% to −54.8%. Synthesizing all results from these meta-analyses, we found 
that biochar application overall significantly reduced the soil N2O emissions by 
38.8%. The impacts increased with experimental duration till one and half years 
and reduced after that. Biochar application rate and C:N ratio had large influence 
on the effects of biochar application on soil N2O emissions. This study demon-
strated that while meta-analysis provides a more comprehensive and better esti-
mation, the inconsistence among these studies may need to be further evaluated. 
A grand mean RR based on meta-analyses could be more accurate and repre-
sentative than single meta-analysis.
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1   |   INTRODUCTION

Nitrous oxide (N2O) is one of the major greenhouse gases 
that significantly contribute to climate change. It has a 
global warming potential 296 times higher than carbon 
dioxide (Dalal et al., 2003) and has an atmospheric life of 
114 years which make it more potent and powerful even at 
low concentrations (Uchida & von Rein, 2018). Agriculture 
is a key anthropogenic source for atmospheric N2O. It ac-
counts for the 78% of global N2O emissions, largely be-
cause of the excessive use of nitrogen (N) fertilizer (Maaz 
et al., 2021). The excess of the applied fertilizer is not used 
by the plants and is mostly lost through N leaching or into 
the environment in different gaseous forms of N, particu-
larly N2O (Bouwman et al., 2013). Soil is the largest source 
for agricultural emissions of N2O (Dijkstra et al.,  2013). 
Soil N2O emission is a result of the biological processes of 
nitrification and denitrification (Shakoor et al., 2021). The 
relative contributions of these N2O-generating process are 
influenced by soil ammonia and nitrate concentrations, 
soil labile carbon, soil temperature, water content, and aer-
ation, soil texture, and gaseous diffusion rate (Deng et al., 
2015; Huang et al.,  2018; Hui,  2020; Snyder et al.,  2009; 
Zhang et al., 2021). To reduce atmospheric N2O concen-
tration, it is imperative to reduce soil N2O emissions from 
croplands.

Several N2O mitigation strategies have been proposed 
in the past decades such as the use of enhanced efficiency 
fertilizer, controlled release fertilizer, nitrification and 
urease inhibitors, crop rotation, and manure management 
(Akiyama et al.,  2010; Barnard et al., 2005; de Klein & 
Ledgard, 2005; Hui et al., 2018). Recently, the addition of 
biochar is recommended as a potential management strat-
egy to mitigate soil N2O emissions (Case et al., 2015; Feng 
et al., 2022; Liu et al., 2019; Wu et al., 2019). A global bio-
char strategy has been projected to be capable of reducing 
as much as 12% of human CO2–C equivalent emissions 
annually (Woolf et al.,  2010). Biochar is a carbon-rich 
substance generated from biomass by the process of py-
rolysis in the absence of oxygen (He et al.,  2021). The 
physicochemical properties (e.g., composition, particle 
and pore size distribution) of the resulting biochar are 
largely controlled by pyrolysis conditions and feedstock 
characteristics, which determine its suitability for a given 
application, as well as its behavior, transport, and fate in 
the environment (Verheijen et al., 2010). The effect of bio-
char on agricultural land is influenced by the quality and 
quantity of biochar (e.g., application rate, feedstock type, 
and pyrolysis temperature), soil properties (e.g., texture, 
moisture, pH, soil organic carbon, and C:N ratio), and en-
vironmental factors (e.g., temperature and precipitation). 
Biochar incorporation may change the structure, texture, 
porosity, particle size distribution, and density of the soil 

within the plant rooting zone, potentially modifying oxy-
gen concentration, water storage capacity, and microbio-
logical and nutritional condition (Atkinson et al., 2010). It 
may also affect soil pH, electrical conductivity, and cation 
exchange capacity. As a result, biochar addition has a high 
potential to sequester carbon (Borchard et al.,  2019; Liu 
et al., 2019) and regulates soil N dynamics by altering the 
microbial mediated processes of nitrification and denitri-
fication (Clough et al., 2013; Liu et al., 2014).

Many studies have been conducted on the effects of bio-
char application on soil N2O emission. However, there is a 
high variation and uncertainty in how biochar application 
influences soil N2O emissions (Spokas et al., 2012; Yangjin 
et al., 2021). Effects of biochar application are extremely 
inconsistent (Liu et al., 2019). It is evident in many cases 
that soil N2O emissions are reduced upon addition of bio-
char (Cayuela et al.,  2014). For example, several studies 
concluded that biochar application greatly reduces soil 
N2O emissions (Case et al.,  2015; Han et al.,  2021; Jia 
et al.,  2012; Van Zwieten et al.,  2014). The decrease in 
soil N2O emissions mostly resulted from improved soil 
aeration, pH modification, and N immobilization (He 
et al.,  2021). In contrast, some other studies showed an 
enhancement in soil N2O levels after the addition of bio-
char (Bruun et al., 2011; Sánchez-García et al., 2014). No 
significant effect of biochar amendment was also seen 
in studies conducted by Pereira et al.  (2015) and Wang 
et al.  (2015). The varied outcomes can be produced be-
cause of differences in soil moisture, temperature, and soil 
type. These findings also reveal that the effects of biochar 
amendment on soil N2O emissions depend on the study 
settings, experiment duration, biochar application rate, 
biochar feedstock, and pyrolysis processes. The lack of 
complete knowledge regarding the reduced soil N2O emis-
sions due to biochar application restricts our understand-
ing of biochar's potential involvement in global climate 
change mitigation.

Meta-analysis is a promising technique that synthesiz-
ing data from individual studies and providing an overall 
quantification (i.e., an effective size such as response ratio, 
RR) of treatment effect (Philibert et al.,  2012; Shakoor 
et al., 2021; Song et al., 2016). As numerous data sources are 
merged into a single dataset by drawing from existing ob-
servational data in experimental studies, meta-analysis can 
reduce experimental errors and provide a better estimation 
of effective size of treatment (Deng et al., 2015; Hedges et al., 
1999; Hui et al., 2021; Luo et al., 2006; Wan et al., 2001; Xu 
et al., 2021; Young et al., 2021). It is also considered a good 
approach to resolve the challenge of inconsistence revealed 
among different individual studies (Hedges et al., 1999; 
Shakoor et al.,  2021). However, as the number of meta-
analysis publications increases, the consensus on the over-
all effects of treatment generated in meta-analyses is not 
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uniform and is highly dependent on the methodology and 
data selections used (Young et al., 2021). For the impacts 
of biochar application on soil N2O emissions, many meta-
analysis studies have been conducted (Cayuela et al., 2014; 
Shakoor et al.,  2021; Verhoeven et al.,  2017). The results 
vary significantly in both magnitude and direction among 
different meta-analysis studies (He et al.,  2021; Schmidt 
et al., 2021; Shakoor et al., 2021; Verhoeven et al., 2017). 
For example, several meta-analysis studies reveal a sig-
nificant reduction in soil N2O emissions when biochar is 
added to soil (Borchard et al., 2019; Cayuela et al., 2014; Liu 
et al., 2018), but the magnitude varies among them. Some 
studies, however, found no significant effect of biochar 
treatment on soil N2O emissions (Verhoeven et al., 2017; 
Zhao et al., 2019). Recently, Young et al. (2021) have con-
ducted a review and synthesis of meta-analysis studies on 
impacts of agronomic measures on crop, soil, and envi-
ronmental indicators. However, no studies have compared 
and evaluated the meta-analysis studies of the impacts of 
biochar addition on soil N2O emissions and generated an 
overall grand effective size with its associated variation 
(Schmidt et al., 2021). Such a study could provide a better 
quantification and mechanistic understanding of biochar 
impacts on soil N2O emissions.

In this study, we first compiled a dataset of the effects of 
biochar addition on soil N2O emissions from meta-analysis 
publications. Based on the dataset, this mega-analysis fur-
ther quantified the overall impacts of biochar application 
on soil N2O emissions. We also considered the impacts of 
biochar properties, soil properties, experimental settings, 
and agricultural practices on the RRs of soil N2O emis-
sions in response to biochar application. The main objec-
tives of this study were (1) to evaluate the meta-analyses 
of the biochar application on soil N2O emissions; (2) to 
quantify a grand RR of biochar application on soil N2O 
emissions based on meta-analyses; and (3) to explore the 
impacts of biochar properties, soil properties, crop type, 
and agricultural practices on the RR of soil N2O emissions 
of biochar application.

2   |   MATERIALS AND METHODS

2.1  |  Literature search

In this study, we conducted a literature search for meta-
analytical studies based on the effect of biochar application 
on soil N2O emissions. The search was performed through 
electronic databases, Web of Science, and Google scholar. 
The keywords used were “soil nitrous oxide” or “soil N2O” 
and “biochar” and “meta-analysis.” The publication date 
range was till 2022. We initially found 105 meta-analysis 
papers related to biochar application. These resulting 

meta-analysis literature was further screened based on 
these criteria: (1) the study is a meta-analysis considering 
biochar application as a treatment; (2) soil N2O emissions 
is considered as a response variable; (3) RR is used as ef-
fective size; and (4) sample size, RR, and standard error or 
95% confident interval are reported or can be derived. A 
total of 18 meta-analysis publications were screened out 
from the search results. One meta-analysis using Hedge's 
d as effective size was not included in the data analysis. Of 
18 meta-analyses, 14 studies used MetaWin for data syn-
thesis, one used Open MEE, one used R, and the other 
two did not specify the software used. The selected 18 
meta-analysis papers included those considered biochar 
as the only treatment factor or as one of several treatment 
factors. Some papers considered only soil N2O emissions 
as a response variable while others included many other 
response variables. We only focused on soil N2O emission 
response to biochar application treatment in this study.

2.2  |  Data extraction and compilation

Sample size (n), RR, and 95% confidence interval (CI95: 
L1, L2) were extracted from all meta-analytical studies. If 
the data were presented in figures, we extracted these data 
using Webplot Digitizer software (version 3.10, http://​
aroha​tgi.​info/WebPl​otDig​itize​r/). We collected the RR of 
biochar application on soil N2O emissions from each of  
these meta-analysis papers. To investigate the impacts  
of experiment type, biochar properties, soil properties, and 
agricultural practices on the effects of biochar application 
on soil N2O emissions, we also extracted the RR, n, and 95% 
CI of RR for each of these categories. For example, most 
meta-analyses studies identified experiment type as field, 
laboratory, or greenhouse. We collected the RR, n, and 95% 
CI of RR in the field, laboratory, or greenhouse from each 
meta-analysis paper when data were available.

2.3  |  Data analysis

Response ratio and 95% confidence interval in the meta-
analysis papers were presented either as RR or as per-
centage change. When the 95% confidence interval data 
were presented in percentage change, we first converted 
them to RR using RRL1 = ln(1−L1/100) and RRL2 = Ln(1−
L2/100). RR was calculated as RR = (RRL1 + RRL2)/2 if not 
directly presented. Standard error of RR was estimated as 
SE = (RR−RRL1)/1.96. Grand mean of RR was calculated 
using weighted mean of RR using the equation:

(1)RRg =

∑

(ni∗RRi)
∑

ni
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 where RRg is the grand response ratio of soil N2O emissions 
across all studies, RRi the response ratio of soil N2O emis-
sion from the ith meta-analysis study (paper), and ni the 
sample size. We took a conservative approach and used the 
sample size as weight rather than the reverse of variance, as 
differences in variance, especially some small variances may 
create heavy weights on a few studies (Eldridge et al., 2016; 
Sánchez-Meca & Marin-Martinez, 1998; Zhou et al., 2022).

To calculate 95% confidence interval of the grand mean 
of RR, we calculated weighted standard error using the 
following equation:

 The RR, standard error, and 95% CI expressed in natural log 
were converted to percentage change while plotting the re-
sults. The following equation was used for conversions into 
percentage change:

 Similar approach was used to calculate the grand mean RR 
for different types of experiment, biochar properties, soil 
properties, and agricultural practices. In the experimental 
setting category, we considered experiment type (laboratory, 
field, or greenhouse experiment), ecosystem type (corn, 
wheat, rice, grassland, forest, etc.), and experimental du-
ration. Biochar properties included type of feedstock used 
for biochar production, biochar pH, and biochar C:N ratio, 
and type and temperature of pyrolysis used during biochar 
production. Soil properties included soil texture, soil or-
ganic C, soil C:N ratio, and soil pH. Agricultural practices 

included application rate of biochar, type of nitrogen fertil-
ization used in combination with biochar, and N application 
rate. Sub-categories for each category were set based on the 
settings from most of the meta-analysis studies. For exam-
ple, duration of experiment included seven sub-categories: 
<30, 30–60 days, 60–120 days, 120–180 days, 180–360, 360–
720, and > 720 days. When different sub-categories were 
used in meta-analysis papers, we grouped them into clos-
est sub-categories first using weighted mean, then esti-
mated the grand mean RR using the equations (1)–(3). Data 
analysis was conducted using SAS 9.4 (SAS Institute Inc.). 
Figures were generated using Sigma Plot (SigmaPlot, 2014. 
SigmaPlot for windows).

3   |   RESULTS

3.1  |  Effect of biochar application on soil 
N2O emissions

We found 18 meta-analysis papers reported the effects of 
biochar application on soil N2O emissions published be-
tween 2014 and 2022. Sample size ranged from smaller 
than 30 to more than 900, with a mean sample size of 275 
(Figure 1). Among all meta-analysis studies, four did not 
find significant effects of biochar application. Three of 
these studies had sample sizes lower than 40. Of the other 
14 studies, RR varied from −0.10 to −0.79 (i.e., soil N2O 
emissions was reduced by 10.5% to 54.8%). Based on all 
studies, we estimated a grand mean RRg and its 95% con-
fidence interval. Our results showed that averaged over all 
studies, biochar application reduced soil N2O emissions by 

(2)SE =
√

∑
�

(ni − 1) ∗Sei2
�

∑

(ni − 1)

(3)RR (%) =
(

elnRR − 1
)

× 100

F I G U R E  1   Response ratios (RRs) of biochar application on soil N2O emissions from the meta-analyses and grand mean of RR and its 
95% confidence interval. Number on the right side is the total number of experiments used for RR calculation.
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38.8% with a 95% confidence interval raged from −32.4% 
to −44.8%.

3.2  |  Impacts of experimental type, 
ecosystem, and duration of experiment 
on the effects of biochar application on 
N2O emissions

Studies conducted in the laboratory and field condition 
showed significant impacts of biochar application on soil 
N2O emissions (Figure 2a). The highest significant reduc-
tion (51.6%, −33.2% to −70.0% CI95%) was observed in the 
laboratory incubation experiments. Biochar application 
significantly reduced soil N2O emissions by 27.1% (−1.0% 
to −53.2% CI95%) under the field condition. When experi-
ment was conducted in the greenhouse, biochar applica-
tion had no significant effect on soil N2O emissions.

Ecosystem type showed different impacts on the effects 
of biochar application on soil N2O emissions (Figure 2b). 
In the uplands, wheat and rice fields, significant reduc-
tions of soil N2O emissions were found. On average, in the 
wheat fields, soil N2O emissions were reduced by 23.6% 
(−6.9% to −40.4% CI95%) and in the rice fields, the re-
duction was 21.9% (−9.2% to −34.7% CI95%). The upland 
cropping system showed a reduction of 22.3% (−9.3% to 
−35.4% CI95%). No significant difference was observed in 
the fallow, grasslands, and forests. A trend of positive in-
crease in soil N2O emissions was shown in the grasslands.

Soil N2O emissions were reduced by biochar appli-
cation in experiments with all different experimental 

durations except the longest one (Figure  2c). Soil N2O 
emissions were reduced between 18.9% and 44.7% among 
different durations. The reduction of soil N2O emis-
sions increased as experimental duration increased up 
to 180 days when the reduction was the highest (44.7%, 
−27.2% to −62.2% CI95%), and slightly decreased when 
the experimental duration was between 180 and 720 days.

3.3  |  Impacts of biochar properties 
on the effect of biochar application on soil 
N2O emissions

The response of soil N2O emissions under biochar application 
depended upon the elements like feedstock source, pyrolysis 
temperature, biochar pH, and biochar C:N ratio (Figure 3). 
The biochar produced from woody and herbaceous ma-
terials had the largest reduction of soil N2O emissions by 
a mean magnitude of 49.2% (−30.2% to −68.2% CI95%) and 
51.0% (−27.2% to −75.0% CI95%), respectively (Figure  3a). 
Application of biochar produced from crop residues also 
significantly reduced soil N2O emissions (27.7%, −12.0% to 
−43.5% CI95%). In contrast, biochar made from manure, bio-
solid/biowaste, and lignocellulosic materials as a feedstock 
source had no significant effect on soil N2O emissions.

Soil N2O emissions were significantly reduced by ap-
plication of biochar with slow pyrolysis and relatively 
lower pyrolysis temperature (below 600°C; Figure  3b). 
Application of biochar produced with slow pyrolysis re-
duced soil N2O emissions by 56.4% (−33.7% to −79.1% 
CI95%) while soil N2O emissions remained unaffected by the 

F I G U R E  2   Impacts of experimental setting including experiment type (a), ecosystem type (b), and experimental duration (c) on the 
response ratios (RRs) of biochar application on soil N2O emissions. Number on the right side is the total number of experiments used for RR 
calculation.
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biochar produced by fast pyrolysis. The highest reduction 
of soil N2O emissions (45.5%, −27.0% to −64.1% CI95%) was 
found for the biochar produced at a moderate temperature 
of 400–500°C. But there was no significant difference in 
soil N2O emission reduction by biochar for pyrolysis tem-
perature of 400–500°C, compared to either 300–400°C or 
500–600°C. Biochar produced at temperatures higher than 
600°C showed a trend of reduction of soil N2O emissions.

The response of soil N2O emissions also varied with 
biochar pH (Figure 3c). Biochar with pH of 8–9 induced 
the highest significant reduction (33.5%, −8.2% to −58.9% 
CI95%) in soil N2O emissions. Reductions did not differ sig-
nificantly when pH was larger than 7. There was no signif-
icant effect with biochar having a lower pH (<7).

The reduction of soil N2O emissions seemed to in-
crease with biochar C:N ratio (Figure 3d). Biochar with a 
low C:N ratio (<50) showed no impact on soil N2O emis-
sion reduction. The highest reduction (48.9%, −26.1% to 
−71.7% CI95%) was observed with biochar having C:N 
ratio of 100–500. However, application of biochar with a 
very high C:N ratio (>500) showed a trend of high reduc-
tion, but not significant due to a relatively low sample size.

3.4  |  Impacts of soil properties on the 
effect of biochar application on soil 
N2O emission

The effect of biochar application on soil N2O emissions 
varied with soil texture (Figure  4a). In both fine- and 
medium-textured soils, soil N2O emissions were sig-
nificantly reduced when biochar was applied as an 

amendment. Fine-textured soils showed the most reduc-
tion (45.6%, −13.5% to −77.7% CI95%). However, response 
of soil N2O emissions in coarse-textured soil showed a 
trend of reduction but was not significant.

Biochar applications reduced soil N2O emissions in 
soils with SOC concentrations <20 g kg−1 (Figure 4b). The 
highest reduction of soil N2O emissions occurred in soils 
with 10–20 g kg−1 SOC. However, concentrations higher 
than 20 g kg−1 showed no significant effect on soil N2O 
emissions by biochar application.

Soil N2O emissions were reduced by biochar application 
regardless of the value of soil C:N ratio (Figure  4c). The 
highest reductions in soil N2O emissions (−42.1%, −23.2% to 
61.1% CI95%) occurred in soil with C:N ratio from 10.2 to 12.4. 
Soil with low C:N ratio had lower reduction (−24.7%, −7.8% 
to 41.6% CI95%). Soil with higher C:N ratio (>12.4) showed a 
significant reduction by −36.3% (−14.5% to −58.2% CI95%).

Response of soil N2O emissions to biochar application 
also varied with soil pH (Figure 4d). Soil N2O emissions 
were not changed by biochar application when soil was 
acidic with pH of 3–5 but reduced when soil pH >5. The 
largest reductions (45.1%, −22.0% to −68.5% CI95%) of soil 
N2O emissions by biochar application occurred in soil 
with a neutral pH (6.5–7.5).

3.5  |  Impacts of agricultural practices 
on the effect of biochar application on soil 
N2O emissions

The reduction of soil N2O emissions increased with 
biochar application rate (Figure  5a). It increased from 

F I G U R E  3   Impacts of biochar properties including feedstock (a), pyrolysis temperature (b), pH (c), and C:N ratio (d) on the response 
ratios (RRs) of biochar application on soil N2O emission. Number on the right side is the total number of experiments used for RR 
calculation.
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−15.8% (−2.9% to −27.0% CI95%) when biochar was ap-
plied at 10  t ha−1 to −86.6% (−41.7% to −131.5% CI95%) 
when biochar was applied at more than 120 t ha−1. When 
an application of 10–20 t ha−1 of biochar was conducted, 
it showed a trend of reduction, but not a significant effect 
on soil N2O emissions. All other biochar application rates 
showed significant reduction in soil N2O emissions.

Regarding to different fertilizer types, significant reduc-
tion was observed only when either there was no fertilization 
or urea was applied. Biochar application reduced soil N2O 
emissions by 50.7% (−28.1% to −73.4% CI95%) with no N ap-
plication, and 51.7% (−3.8% to −99.6% CI95%) when urea was 
applied. When synthetic/mineral N fertilizer was applied, 
there was a high reduction tendency of soil N2O emissions 
by biochar but was not statistically significant (Figure 5b).

The reduction of soil N2O emissions by biochar appli-
cation varied with N fertilization rate (Figure 5c). When 
no fertilizer was applied, biochar application did not in-
fluence soil N2O emissions. Low application rates of ni-
trogen fertilizer (0–150 kg ha−1, 150–300 kg ha−1) reduced 
N2O emissions by −36% and the difference between two 
application rates was not significant. Higher application 
rates of the N fertilizer (>300 kg ha−1) showed a slightly 
decrease in soil N2O emissions.

4   |   DISCUSSION

Based on 18 meta-analyses, we evaluated the impacts of 
biochar application on soil N2O emissions. We found that 

(1) soil N2O emission was reduced by 38.9% with a 95% 
confidence interval of −32.4% to −44.8%. (2) Laboratory 
studies showed more soil N2O emission reductions 
(51.6%) than the field experiments (27.1%). More soil N2O 
emission reductions were observed in the wheat and rice 
fields, and studies lasted 120 days showed more soil N2O 
reductions. (3) Biochar produced from woody and herba-
ceous materials, at moderate temperature (400–500°C), 
or with slow pyrolysis showed more soil N2O emissions 
when applied to soil; fine- to medium-textured soils with 
neutral pH values (6.5–8.5) had larger soil N2O reduction. 
(4) Soil N2O emissions decreased with an increase in bio-
char application rate increased. When N fertilizer is ap-
plied as urea or at a rate of less than 300 kg N ha−1, biochar 
application reduced more soil N2O emissions. Our results 
demonstrated that biochar application as soil amendment 
could significantly reduce soil N2O emissions. Utilizing 
adequately processed biochar together with urea as N fer-
tilizer could produce more crop yields while releasing less 
N2O from soils.

4.1  |  Overall effect of biochar 
application on soil N2O emissions and 
potential mechanisms

Application of soil organic amendments such as biochar 
not only influences the soil fertility and ecosystem produc-
tivity but also has a major impact on soil N2O emissions. 
Our analysis showed that biochar application significantly 

F I G U R E  4   Impacts of soil properties including soil texture (a), soil organic carbon (SOC, b), C:N ratio (c), and soil pH (d) on the 
response ratios (RRs) of biochar application on soil N2O emissions. Number on the right side is the total number of experiments used for RR 
calculation.
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reduced soil N2O emissions by 38.8%. This result is con-
sistent with most of the meta-analysis studies that re-
ported reductions of soil N2O emissions (e.g., Shakoor 
et al., 2021; Song et al., 2016). The biochar-induced reduc-
tion of soil N2O emissions could be caused by physiochem-
ical changes in soil properties and biological changes in 
soil N processes with biochar application as demonstrated 
by previous studies (Liu et al., 2018; Shakoor et al., 2021). 
At least four mechanisms have been proposed to explain 
the changes in soil N2O emissions. (1) Biochar application 
to agricultural soils could promote soil porosity and aera-
tion. The increased availability of oxygen may prevent the 
denitrification process and reduce soil N2O emissions. (2) 
Biochar application may limit the amount of inorganic 
N available to nitrifiers as well as denitrifies through im-
mobilization and therefore suppresses soil N2O emissions 
(He et al., 2017; Shakoor et al., 2021). (3) Biochar applica-
tion increases the transcription of N2O reductase genes of 
denitrifiers (nosZ) which results in a complete reduction 
to N2 (Xu et al., 2014). Biochar also enhances the reduc-
tion of N2O to N2 by facilitating the transport of electrons 
to soil denitrifying microbes and hence it serves as an 
electron shuttle (Cayuela et al., 2014). (4) Biochar appli-
cation increases a fraction of readily degradable organic 
C resulting in a reduction in soil N2O emissions (Wang 
et al., 2015). The non-significant change in soil N2O emis-
sion reported in four meta-analyses included one with a 
small sample size, one included 52 flooded rice field stud-
ies of 122 studies, and the other two only considered the 
paddy rice fields (Cai & Akiyama, 2017; Yagi et al., 2020; 
Zhao et al.,  2019). Water conditions in the paddy rice 

fields might cause large pulses of soil N2O emission in 
some studies and weaken the benefits of biochar applica-
tion such as changes in soil porosity and aeration, which 
resulted in no significant change in soil N2O emission.

4.2  |  Effects of experimental setting 
(i.e., type of experiment, ecosystem 
type, and experimental duration) on soil 
N2O emissions

This study showed that high reduction was observed in 
experimental setup in the laboratory (51.6%) as com-
pared to the field (27.1%). Similar results were published 
in a meta-analysis conducted by Cayuela et al.  (2015). 
The possible explanation for this could be due to the 
relatively lower application rate of biochar in the field 
compared to the laboratory studies. Another factor con-
tributing to the lesser mitigation in the field could be the 
less uniform mixing of biochar with the soil (Cayuela 
et al., 2015).

Crop species may influence the impacts of biochar 
application on soil N2O emissions. In this study, in the 
wheat, rice, corn, and upland fields, biochar application 
showed a significant reduction in soil N2O emissions. 
Similar results were found in Xu et al. (2021) and Song 
et al.  (2016). However, other cropping systems includ-
ing grasslands, forest, and horticultural crops showed 
no significant impact. The differences could be due to 
different N nutrient status and different soil environ-
ment conditions prevailing in each ecosystem. Further 

F I G U R E  5   Impacts of agricultural practices including biochar application rate (a), type of fertilizer (b), and nitrogen (N) application 
rate (c) on the response ratios (RRs) of biochar application on soil N2O emissions. Number on the right side is the total number of 
experiments used for RR calculation.
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research needs to be conducted to understand the mech-
anistic controls of soil N2O emissions under biochar 
application in different cropland ecosystems (Shakoor 
et al., 2021).

We found that the effect of biochar application on 
soil N2O emission reduction increased with the duration 
of experiment up to 120 days. Longer studies showed 
lower reduction in soil N2O emissions or even complete 
absence after 2 years of biochar application (Figure 2c). 
Song et al.  (2016) also found that the considerable re-
ductions in soil N2O emissions occur during the initial 
stages of biochar application and weakened over time. 
This could be because biochar's liming effect wears off 
over time and reduced nitrate sorption potential of the 
biochar because of oxidation (Song et al., 2016). Biochar 
aging in soil leads to surface property changes via oxi-
dation and formation of oxygen-containing functional 
groups and sorption of natural organic matter, which 
leads to clogged biochar pores, and formation of organo-
mineral complexes coating biochar surfaces (Wang 
et al.,  2020; Yuan et al.,  2019). Therefore, the stability 
of biochar would steadily deteriorate as the experiment 
progressed, and the effect of biochar application on soil 
N2O emissions would become weaker over time (Song 
et al., 2016; Yuan et al., 2019).

4.3  |  Effects of biochar properties (i.e., 
feedstock type, pyrolysis temperature, 
pH, and C: ratio) on soil N2O emissions

The biochar feedstock is an important factor influenc-
ing the compositional constituents of biochar (Liu 
et al., 2019). The results from our analysis showed that 
the significant decreases in soil N2O emissions were 
found in soils with biochar derived from herbaceous 
materials (51%), wood (49%), and crop residues (28%) 
(Figure 3a), and biochar derived from other sources did 
not influence soil N2O emissions. Our results are con-
sistent with some previous studies (Cayuela et al., 2014; 
Liu et al., 2019; Song et al., 2016). Biochar derived from 
manure and biowaste has less developed pore structure 
compared to the woody and crop residues derived bio-
char. Therefore, biochar made from woody, herbaceous, 
or crop residue as a feedstock offers more retention of 
available N (NH4

+, NO3
−) and greater increases in soil 

porosity, hence altering the stichometry of nitrification 
and denitrification processes.

Another key element that impacts biochar charac-
teristics is the temperature at which it is pyrolyzed. The 
physicochemical features of biochar, such as pH, bioavail-
able C and N concentrations, and porosity and pore size 
distribution, may be affected by the pyrolysis temperature 

(Lan et al., 2018). For example, surface area of biochar in-
creases with increasing pyrolysis temperature. We found 
an increased trend in the reduction of soil N2O emissions 
as pyrolysis temperature increased (Figure  3b). Biochar 
produced at lower temperatures (<400°C) would have 
reduced surface area and weaker aromatic structure re-
sulting in decreased electric conduction capability and 
less surface functionality for interacting with N2O turn-
over (Liu et al., 2018). Pyrolysis at 400–600°C yields bio-
char with a moderate surface area and functional groups 
and showed largest reductions in soil N2O emissions. A 
further increase in temperature beyond 600°C did not in-
fluence biochar-induced soil N2O mitigation (Lee et al., 
2021). Although pyrolysis temperature is a simple met-
ric to define the pyrolysis process, numerous pyrolysis 
circumstances, such as rate of temperature increase and 
time at the highest treatment temperature might also in-
fluence the carbonization degree and molecular structure 
of biochar and its impact on soil N2O emissions (Cayuela 
et al., 2014; Lee et al., 2021).

Results showed that biochar application with pH <7 
had no significant effect on soil N2O emissions (Figure 3c). 
However, a great reduction in magnitude was seen in bio-
char with higher pH. Large number of soluble base cations 
present in biochar can increase soil pH by neutralizing soil 
acidity. This would result in an increased production of N2 
relative to N2O by altering the stoichiometry of denitrifi-
cation process (Song et al., 2016).

Biochar C:N ratio is also an important parameter that 
significantly influences the soil N2O emissions. In this 
study, biochar with <10 C:N ratio and >500 showed no 
significant results on soil N2O emissions. But the extent 
of the reduction of soil N2O emissions increased with an 
increase in C:N ratio (≤500). Similar results were reported 
by Cayuela et al.  (2014) and Borchard et al. (2019). Due 
to microbial N immobilization, biochar amendments with 
greater C:N ratios considerably reduced N2O emissions. 
As a result, the amount of soil N accessible for microbial 
processes that produce N2O is drastically reduced.

4.4  |  Impacts of soil physiochemical 
properties (i.e., soil texture, SOC, C:N 
ratio, and soil pH) on the effects of biochar 
application on soil N2O emissions

Soil texture is closely related to soil aeration and soil 
water and nutrient availabilities. Previous studies 
showed that the type of soil has a significant impact 
on soil N2O emissions (He et al.,  2017) as biochar ap-
plication changes soil physical qualities, such as re-
ducing soil compaction and bulk density or adsorbing 
excess soil moisture. Therefore, soil texture primarily 
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influences N2O emissions by regulating which of the 
aerobic or anaerobic conditions in the soil are more 
likely to occur (Wang et al., 2021). We found that soils 
with fine and medium soil texture reduced more soil 
N2O emissions with biochar application, probably be-
cause these types of soils had high water-filled pore 
space (WFPS) and high soil water content and, as a re-
sult, nitrifier and denitrifier activity could be influenced 
(Cayuela et al., 2014). Nitrification is the primary source 
of N2O between 35% and 60% WFPS, while denitrifica-
tion is the primary source of N2O above 70% WFPS. The 
reductions of soil N2O emission were probably due to 
the denitrification rate dropping most rapidly in fine-
textured soils with the biochar-induced WFPS decrease 
(Wang et al., 2021).

Soil C availability offers an energy source for soil mi-
croorganisms resulting in increased microbial activity. A 
readily available C source is required by the denitrifying 
microbes for carrying out the reduction of NO3

−. The 
amount of organic C available to bacteria as a food source 
will determine whether N2 or N2O is produced. The addi-
tion of biochar increased SOC and soil stability was im-
proved when there was a high level (10–20 g kg−1) of SOC 
with more aeration and improved water drainage. Good 
soil aeration interferes with the process of denitrification, 
thereby reducing the N2O emissions (Figure 4b). However, 
when SOC was greater than 20 g kg−1, no substantial effect 
of biochar addition on soil N2O emissions was observed, 
probably due to that high SOC stimulated soil microbial 
activity and N2O production, and reduced the impacts of 
biochar.

Soil C:N ratio is a key factor in governing soil N activities 
such mineralization, nitrification, and immobilization, all 
of which influence N2O generation by regulating NH4

+ 
and organic C availability (Lee et al., 2021). Application of 
biochar increased C:N ratio which further increased SOC 
and thus influenced soil N2O emissions. Because nitrifi-
cation not only produces N2O but also supplies NO3

−, a 
substrate for denitrifiers to produce N2O, soils with ade-
quate C:N ratio have more N2O emission than soils with 
higher C:N ratio due to higher nitrification (Liimatainen 
et al., 2018).

Soil pH influences soil N2O production and con-
sumption. Changing the nitrification and denitrifica-
tion product ratios by raising soil pH to an appropriate 
range is important for developing solutions for lower-
ing soil N2O emissions from agricultural soils (Cayuela 
et al.,  2014). Biochar was not effective at mitigating 
soil N2O emissions in acid soils (pH <5) (Figure 4a). In 
acidic soils, soil N2O is the sole denitrification product 
(Rochester,  2003). Low pH inhibits the formation of 
functional soil N2O reductase (N2OR), an enzyme that 
converts soil N2O to N2 during denitrification. Increased 

N2OR activity because of the pH rise due to biochar ap-
plication could be one of the key factors for the observed 
inhibition of soil N2O emission in soils close to neutral 
pH (Figure 4d; Obia et al., 2015). The liming effect in-
duced by biochar application may generate a suitable 
environment for N2O reductase and create a higher 
proportion of soil N2O is evolved into N2. Biochar ap-
plication suppressed soil N2O emissions because of its 
alkalizing action in soils, which might have an impact 
on denitrification.

4.5  |  Effects of agricultural practices 
(i.e., biochar application rate, nitrogen 
fertilizer type, and application rate) on soil 
N2O emissions

The ability of biochar to reduce soil N2O emissions is 
a function of its quality and the effects on soil proper-
ties that are cumulative and may grow more prominent 
as biochar's content and dominance in soil increase 
(Cayuela et al., 2014). Therefore, a clear correlation can 
be predicted between biochar application rate and re-
duced soil N2O emissions. Indeed, we found the mag-
nitude of the reductions increased as the application 
rate increased (Figure  5a). The maximum reductions 
were observed when biochar was applied at the rate of 
120 t ha−1 to the soil. Similar results were reported by 
Borchard et al. (2019). A large amount of biochar could 
limit the availability of N, which is the main source 
of N2O emissions, resulting in lower N2O emissions 
(Shakoor et al., 2021). Also, the surface of biochar might 
easily absorb nitrate contents, resulting in lower soil 
N2O emissions.

Application of N fertilizer to agricultural soils is con-
sidered as a potent source for soil N2O emissions. Soil 
N2O emissions are supposed to increase with the appli-
cation of high doses of N fertilizer. But when applied 
in combination with the biochar, mitigation of the soil 
N2O emissions can be observed. Biochar reduced soil 
N2O emissions when N was applied as urea, as well as 
in unfertilized soil (Figure 5b). No significant reduction 
was observed when N was applied as mineral N fertil-
izer, or organic N. Biochar application could increase 
N use efficiency because of adsorption of nitrate and 
ammonium on its surface. Therefore, the availability of 
these N forms for nitrification or denitrification reduces, 
resulting in reduction of magnitude of soil N2O emis-
sions (Clough et al., 2013). These results seem to be in 
consistence with studies conducted by Liu et al. (2019). 
Biochar's ability to reduce N2O emissions could also be 
affected by the N application rate. Reduction of soil N2O 
emissions (from 33.2% to 36.8%) by biochar application 
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was similar when N was applied from 0 to 150 kg N ha−1 
to more than 300 kg N ha−1.

4.6  |  Limitations of the study

Like any data synthesis study, results of this mega-analysis 
could be restricted/affected by several factors. One was 
the quality of meta-analyses. Existing meta-analyses are 
often highly focused on specific ecosystems or regions 
such as temperate areas with little attention to tropi-
cal area (Young et al.,  2021). These biases might create 
certain bias in the result of mega-analysis. Another was 
the category of mediator factors. Different meta-analyses 
used different categories for grouping studies, particularly 
when mediator factor was a numerical variable such as N 
application rate. The other one was the potential overlap 
of individual studies used in meta-analyses. We checked 
10 meta-analyses based on a total of 321 papers and found 
that 217 papers were included in only one meta-analysis, 
49, 35, 13, and 4 papers were included in 2, 3, 4, 5, and 6 
meta-analyses. While the overlap was low, it would create 
some biases. Thus, mega-analysis based on these meta-
analyses would provide a more comprehensive yet con-
servative result. A cumulative meta-analysis needs to be 
conducted to verify the result of the mega-analysis.

5   |   CONCLUSIONS

Meta-analysis has become an increasing important tool 
to synthesize individual studies in ecology over the past 
several decades. Many meta-analyses have been con-
ducted on the same research issue such as the impacts of 
biochar application on soil N2O emissions, but an evalu-
ation and data synthesis of these meta-analyses have 
rarely been conducted. Synthesizing 18 meta-analytic 
studies, this mega-analysis showed that biochar applica-
tion significantly reduced soil N2O emissions by 38.8%, 
implying that biochar could be a useful soil amendment 
for reducing greenhouse gas emissions. The magnitude 
of the reductions varied depending on biochar qualities, 
soil properties, experimental setting, and agronomic prac-
tices. Considering the effects of biochar properties on 
N2O emissions, biochar generated from herbaceous or 
woody feedstock, pyrolyzed at temperatures between 400 
and 700°C, and with a high pH (8–9) of biochar are all 
effective. Fine-textured soils with a neutral pH (6.5–7.5), 
having C:N ratio around 10.2–12.4 and moderate amount 
of SOC, demonstrated the greatest decreases in soil N2O 
emissions. Nitrogen fertilizers are a major source of soil 
N2O emissions; however, combining these fertilizers 
with biochar could reduce soil N2O emissions. This study 

provides a comprehensive analysis on how various factors 
influence the response of soil N2O emissions to biochar 
application. Despite numerous useful reviews and meta-
analyses, there is still a great deal of uncertainty in the 
impact of biochar application on variations in soil N2O 
emissions. Therefore, the potential of biochar application 
to cropland to mitigate climate change needs to be further 
investigated.
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