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A B S T R A C T

Context or problem: Fertilizers have the potential to release greenhouse gases (GHGs) and applying biochar, could 
drastically change fertilizers’ scenario in the environment. However, the efficiency of biochar regarding its 
operation and interaction with organic and chemical fertilizers on GHG emission, and crop productivity has 
received many contradictory reports.
Objective or research question: This study aims to conduct a comprehensive meta-analysis to evaluate the effects of 
biochar utilization strategies and key variables on GHG emissions and crop productivity.
Methods: A meta-analysis was performed using six groups of effective variables including different biochar uti
lization strategies (sole (B), combined with chemical fertilizers (BCF), combined with organic fertilizers (BOF)), 
type of feedstock, pyrolysis temperature, application rate, soil texture, and plant types. Also, various GHG 
emission factors and crop yield were considered as the affected factors.
Results: The results showed that the B strategy reduced N2O and CH4 emissions by 16.3 % and 10.1 %. Also, BCF 
and BOF showed a positive effect size in terms of N2O with 62.9 % and 11.3 % increases. The highest CO2 
emission was related to manure-based biochars with a 12.1 % positive effect size. Moderate pyrolysis temper
ature (400–550 ◦C) showed the best efficiency in reducing overall carbon intensity per crop yield (GHGI) with a 
14.9 % decrease. Also, the highest global warming potential (GWP) was obtained from the > 20 t ha− 1 biochar 
application rate. Applying biochar in sandy soil causes a notable increase in CO2 emission with a 22.1 % positive 
effect size. The highest GWP was related to the application of biochar in vegetable cultivation with a 20.8 % 
increase.
Conclusions: Soil texture and pyrolysis processing significantly impact soil GHG emissions when biochar is 
applied with fertilizers.
Implications or significance: Expanding our understanding of the relationships among soil GHG emissions, organic 
fertilizers, and biochar could assist in increasing plant yield and net zero amending approaches.

1. Introduction

The agricultural sector is responsible for a major amount of green
house gas (GHG) emissions accounting for approximately 25 %–30 % 
and 35 %–50 % of worldwide land biogenic emissions of nitrous oxide 
(N2O) and methane (CH4), respectively (You et al., 2024). As a result, 
reducing GHG emissions from agriculture is a critical step toward 
mitigating global warming. Agricultural soils have a significant function 
in controlling the planet’s climate, either releasing CO2 into the atmo
sphere or sequestering CO2 in the form of soil organic carbon (SOC) (Don 

et al., 2024). Increasing the amount of SOC has been recognized as the 
most crucial mitigation strategy for GHG reduction in agriculture (Bai 
et al., 2019). Aside from sequestering atmospheric CO2, increasing SOC 
storage additionally provides numerous benefits, such as decreasing soil 
erosion, developing climate resilience for plants, as well as improving 
soil fertility and agricultural productivity. The cycles of agricultural SOC 
depend on the proportion of carbon inputs (e.g., organic fertilizers and 
agricultural residues) and outputs (e.g., decomposition and erosion) 
under long-term consistent farming management (Guenet et al., 2021).

Agricultural systems (e.g., conventional and organic) cause different 
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effects on soil properties, environmental impacts, and GHG emissions 
(De Lima et al., 2024). Conventional agriculture is based on the use of 
synthetic and mineral fertilizers and pesticides, requiring a wide range 
of external inputs to sustain both the profitability and efficiency of the 
soil-plant system (Oberson et al., 2024). Although the application of 
chemical fertilizers can increase crop yield and food production, the 
overconsumption of these agrochemical inputs causes a variety of 
environmental concerns, such as GHG emissions, groundwater pollu
tion, soil acidification, soil degradation, and toxicity across the food 
chain (Amirahmadi et al., 2024; Maheshwaran et al., 2024; Neu
gschwandtner et al., 2023; Wu et al., 2021). On the other hand, organic 
farming relies on crop residues, animal manure, biological mobilization 
of nutrients in the soil, optimizing crop productivity with less harmful 
impacts on agriculture and the environment (Fuentes-Ponce et al., 2022; 
Gamage et al., 2023). However, several studies have found that organic 
agricultural systems provide lower yields than conventional farming 
systems and this is the main disadvantage of organic systems of farming 
(De La Cruz et al., 2023; Kostensalo et al., 2024; Liu et al., 2024).

Nowadays numerous organic materials are used as organic amend
ments in agricultural sectors such as compost, vermicompost, sewage 
sludge, green manure, animal manure, and biochar (Amirahmadi et al., 
2022; Ghorbani et al., 2022; Owusu et al., 2024) to ameliorate soil 
fertility and plant nutrition improving crop yield. Among organic 
amendments, biochar, which is the byproduct of the pyrolysis process, 
has gained notable attention in recent decades and thanks to its chemical 
and physical characteristics it has been reported as one of the most 
effective solutions proposing a sustainable agriculture with net zero 
emissions into the environment (Asadi et al., 2021; Ghorbani et al., 
2021). In the last two decades, the potential of biochar in agriculture has 
been broadly considered for carbon sequestration, improving soil 
properties, reducing GHG emissions, and environmental remediation 
(Amirahmadi et al., 2020; Gong et al., 2024; Zhang et al., 2019), in both 
conventional and organic farming systems. However, the effectiveness 
of biochar notably depends on the type of feedstock used as raw mate
rial, pyrolysis temperature, application rates, soil properties, and 
different farming management (Ghorbani et al., (2024); Medyńska-
Juraszek and Jadhav, (2023); Wei et al., (2020); (Morales-Salmerón 
et al., 2024).

With a review of the literature, there might be many conflicting 
outcomes, and diverse guidelines in terms of biochar application in 
farming systems due to dispersed case studies and specified purposes of 
biochar application in different cropping systems. Feedstock types and 
temperature ranges in the pyrolysis process affected the biochar char
acteristics. In addition, a thorough investigation of the biochar appli
cation, alone and in combination with chemical and organic fertilizers is 
required to be assessed in an accurate and comprehensive evaluation. 
However, it is not possible to locate a single study that included all types 
of biochar with their different application practices, and diversity of soil 
properties. Therefore, there is a strong need in the literature for biochar 
application in different agricultural systems to be analytically evaluated 
through a meta-analysis study. In this regard, the current study aimed to 
perform a meta-analysis that could provide a clear insight into how 
biochar application could assist in maximum crop productivity and 
minimum GHG emission considering some effective factors that influ
ence its efficiency. Hence, a meta-analysis based on publications related 
to the biochar application in different agricultural systems was carried 
out using predetermined criteria. To do this, i) three utilization strate
gies (B: only biochar, BCF: biochar with chemical fertilizers, BOF: bio
char with organic fertilizers). ii) three types of feedstocks (unstable, 
moderated, resistant), iii) three pyrolysis temperatures (<400 ◦C, 
400–550 ◦C and >550 ◦C), iv) three application rates (<10 t ha− 1, 10–20 
t ha− 1 and >20 t ha− 1), v) three soil texture (sandy, loamy, clay), and vi) 
three type of plants (cereal, vegetable, orchard) were analytically 
compared to explore their effectiveness on GHG emissions, and crop 
yield. The meta-analysis’s convergent findings enable recommendations 
to be made on the term-specific use of biochar. This exposes the type of 

biochar that will function best, as well as its characteristics and intended 
use in environmental or agricultural issues.

2. Methods

2.1. Literature survey and eligibility criteria

A structured literature survey data collection on the effectiveness of 
biochar in different fertilizer management has been performed on Web 
of Science, Scopus, and Crossref databases using related keywords such 
as biochar, pyrolysis temperature, feedstock, types of feedstocks, 
application rate, soil texture, combined fertilizer management, com
bined application of biochar, compost, chemical fertilizer, urea, green
house gas emission, soil productivity, crop yield, soil nutrient status, 
plant productivity, types of crops, etc. In addition, to ensure meaningful 
meta-analysis the following criteria were applied to select appropriate 
studies: (1) only studies that reported the results for both control 
(without biochar) and treatment (with biochar) were considered; (2) 
studies without replicated treatments and control were ignored, (3) the 
studies were conducted in the field so that both no pot or incubation 
experiments were included; (4) the experiments had a duration of at 
least of one whole crop growing season; (5) studies were required to 
report at least one target variable related to either greenhouse gas (GHG) 
emissions (i.e., N₂O, CH₄, CO₂, GWP, or GHGI) or crop yield. Specifically, 
studies reporting one or more GHG metrics were included in the GHG- 
related meta-analysis, while studies reporting crop yield alone were 
retained to strengthen the statistical power of the yield-focused analysis. 
These two datasets were analyzed independently and were not com
bined in any statistical models. Yield-only studies contributed to the 
crop yield meta-analysis, while GHG-only and combined studies (i.e., 
reporting both GHG and yield) contributed to the emissions-focused 
analysis. In total, 54 studies were included: 27 reported only crop 
yield, 9 reported only GHG emissions, and 18 reported both crop yield 
and GHG metrics.

Most of the data used were extracted directly from tables and figures 
reported in the studies (including Supplementary materials).

2.2. Data Collection

Of the 680 papers considered 54 satisfied the criterion for inclusion 
in the data set and 1166 pairs of observations (effect) were retrieved 
from the papers that matched the criteria. The worldwide distribution of 
paired observations is illustrated in Fig. 1 and the used studies are listed 
in the Supplementary file.

To explore the interaction between biochar, pyrolysis conditions, 
different fertilizer management, and their effectiveness on GHG emis
sion, crop productivity, and soil quality, data were classified into two 
categories: i. effective factors and ii. affected variables. In the first data 
category, six effective factors were defined: i. utilization strategy, ii. 
feedstock iii. pyrolysis temperature, iv. biochar application rate, v. soil 
texture, and vi. crop typology. Then different types of utilization stra
tegies were classified as follows: 1) sole biochar application (B), 2) 
combined application of biochar and chemical fertilizers such as urea 
(BCF), and 3) combined application of biochar and organic fertilizers 
such as compost (BOF). These groupings were based on treatment de
scriptions reported in the original studies, regardless of whether the 
studies tested for or reported significant statistical interactions between 
biochar and fertilizer effects. Given the broad heterogeneity in fertilizer 
types (e.g., urea, NPK, compost, manure) and application rates among 
primary studies, the categories were treated as operationally distinct 
practices rather than factorial combinations. Therefore, the yield or 
emission responses in BCF and BOF treatments reflect the combined 
effect of biochar and fertilizer under field conditions, rather than iso
lated biochar × fertilizer interaction effects.

The pyrolyzed feedstock was classified into three classes based on 
their resistance to degradability in thermal reaction as follows: 1) 
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unstable (e.g., manure, sewage sludge, etc.), 2) moderate (e.g., straw, 
hull, etc.), and 3) resistant (e.g., wood residues, bamboo, etc.). The 
pyrolysis temperature was classified into three classes as follows: 1) 
< 400 ◦C; 2) 400–550 ◦C; 3) > 550 ◦C. The application rate of biochar 
was classified into three classes as follows: 1) < 10 t ha− 1, 2) 10–20 t 
ha− 1, and 3) > 20 t ha− 1. Soil texture was classified into three classes as 
follows: 1) clay (e.g., sandy clay, silty clay, etc.), 2) loamy (e.g., clay 
loam, silt loam, etc.), and 3) sandy (e.g., loamy sand, sandy loam, etc.). 
Finally, the type of crop was classified into three classes: 1) cereal (e.g., 
wheat, corn, etc.), 2) vegetable (e.g., cabbage, lettuce, etc.), and 3) or
chard (e.g., citrus, apple, etc.). In the second category of data collection, 
the affected variables were categorized into two classes: i) GHG emission 
indexes (N2O, CH4, CO2, GWP, GHGI), and ii) crop yield.

Global Warming Potential (GWP), a relative measure of greenhouse 
gas accumulation in the atmosphere (Thelen et al., 2010) and green
house gas intensity (GHGI), expressed as carbon intensity per ton of crop 
yield (t CO₂ eq t⁻¹), were calculated using emissions of N₂O, CH₄, CO₂, 
and crop yield data. GHGI provides a measure of the climate impact per 
unit of crop production, enabling assessment of the sustainability of 
agricultural practices (Mosier et al., 2006). CH4 and N2O were trans
formed into CO2 equivalent considering multiplicative factors of 25 and 
298 respectively (Smith, 2017). Doing so GWP was calculated by Eq.1
(Thelen et al., 2010): 

GWP(kgCO2 ha− 1
) = CO2flux+ (N2Oflux × 298)+ (CH4flux × 25)

(1) 

and GHGI, was calculated based as: 

GHGI=GWP/crop yield                                                                  (2)

2.3. Meta-analyses

Meta-analysis determines the extent of an affected variable’s change 
and its relevance in response to an effective variable. The magnitude of 
the change is referred to as the effect size. The natural logarithm of the 
response ratio (RR) was used to compute the effect size (Hedges et al., 
1999) using Eq. 3: 

ln(RR) = ln(
XT

XC
) (3) 

XC and XT are the means of the variable in the control and treatment, 
respectively. The RR can be thought of as (eln(RR) − 1) × 100, which is 
the percentage change (Nave et al., 2010) following biochar treatments. 

We recorded the standard deviation (SD) and number of replicates (n) of 
GHG parameters, carbon indices, soil properties, and crop yield for the 
control (without biochar) and treatment (with biochar) groups to 
generate confidence intervals (CIs) around effect sizes. If a study pro
vided standard error (SE) or coefficient of variation (CV), the SD was 
determined using the formulas SD = SE × √n and SD = CV × mean. For 
each effect size, the statistical significance was determined by using the 
95 % CIs. If the 95 % CIs (p ≤ 0.05) did not intersect the zero line, the 
group means were substantially different.

2.4. Data analyses

The SPSS software v.28 (IBM Statistics, New York, USA) was used to 
calculate the effect size and the 95 % CIs of each categorical group, and 
the random effects model was selected according to the results of the 
heterogeneity test. The groups with fewer than three pairwise compar
isons were excluded from each analysis. Resampling tests were gener
ated from 999 iterations. The funnel plot statistics and Fail-safe N 
technique (Rosenthal’s method) were conducted to test the effects of 
publication bias and the robustness of the meta-analysis. The calculated 
Fail-safe N was used only to compare with the 5(n + 1) (n is the number 
of cases) when the funnel plot statistics (Egger’s test) were significant 
(p < 0.05). The data for any of the parameters did not contain any ev
idence of publishing bias. The between-group variability (Qb) among 
observations (n) and p-value were used to test the heterogeneity be
tween groups using random-effect models to explore the effect of bio
char on GHG parameters, and crop yield considering a variety of 
affecting factors (types of modification, pyrolysis temperature, types of 
feedstocks, soil texture and type of plant). To analyze the existing cor
relation between soil organic carbon and GHG emission parameters, a 
Pearson regression test was performed. The presence of autocorrelation 
between regression variables was tested by the Durbin-Watson test. The 
residuals of all models passed heteroscedasticity for the existence of 
potential outliers by the Cook-Weisberg test. The normality of unstan
dardized residue values (p < 0.05) was tested by the Shapiro-Wilk test. 
The significance of the regression model passed by Fisher–Snedecor test 
significance as the mean of the residuals was close to zero, and the re
sidual distribution was near to the normal distribution. The results of all 
tests are presented in the Supplementary file.

Fig. 1. Overview of the worldwide distribution of the used paired observations in the meta-analysis.
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3. Results

3.1. Effect of utilization strategies of biochar on GHG emissions

The sole application of biochar decreased GHG emissions compared 
to the combined application of biochar and fertilizers (Fig. 2). In detail, 
the B strategy causes 16.3 % and 10.1 % less emission of N2O and CH4, 
respectively. Contrarily, BCF and BOF showed an increase of N2O 
emissions, i.e., 62.9 % and 11.3 %, respectively. However, BCF and BOF 
have not shown significant changes in the case of CH4. Although all 
biochar application strategies showed a positive effect on CO2 emission, 
the effect of the B strategy was lower than the others, i.e. 1.4 %-CO2 
increase compared with 27.1 % and 13.9 % calculated for BCF and BOF 
strategies. In addition, the highest GWP was observed from the BCF 
strategy with a 35.4 % increase that was much higher than those 
calculated for strategy B (− 4.3 %) and BOF (4.9 %). Regarding GHGI 
lowering, both strategy B and BOF showed the most efficient results, i.e., 
11.4 % and 12.1 % negative effects.

3.2. Effect of feedstock producing biochar on GHG emissions

Types of feedstocks played an important role in all GHG emission 
factors (Fig. 3). Application of biochar derived from unstable feedstock 
increased N2O emissions considerably higher than moderate and resis
tant feedstocks, with an 83.7 % increase in N2O emissions. However, 
CH4 emission showed a different pattern affected by feedstock types. In 
detail, degradable and recalcitrant feedstocks showed a reduction of 
N2O emission with values of 43.7 % and 9.7 %, respectively. Conversely, 
moderate degradable feedstock caused a 6.2 % positive effect size in 
terms of CH4 emission. The highest emission of CO2 was obtained from 
degradable feedstock with an increase of 12.1 %. However, degradable 
feedstock resulted in a 3.7 % decrease in GWP, while moderate 
degradable and recalcitrant feedstocks showed a 15.6 % and 10.3 % 
increase, respectively. All types of feedstocks caused a decrease in GHGI; 
however, the lowest value was observed from degradable feedstock with 
a 13.4 % reduction.

3.3. Effect of pyrolysis temperature of biochar on GHG emissions

The emission of gases was notably affected by pyrolysis temperature 
(Fig. 4). The highest N2O and the lowest CH4 emissions were related to 
moderate temperature (400–550 ◦C) with a 27.1 % increase and 12.5 % 
decrease, respectively. Also, low, and high pyrolysis temperatures 
resulted in a 13.7 % and 15.8 % CH4 emission increase. In terms of CO2, 
there was no significant difference between pyrolysis temperatures. 

However, the moderate temperature resulted in a 5.3 % increase in CO2 
emission. Both low and high pyrolysis temperatures showed a 15.4 % 
and 10.4 % increase in GWP. Also, moderate pyrolysis temperature 
showed a negative effect size in GHGI with a 14.9 % decrease.

3.4. Effect of application rate of biochar on GHG emissions

Increasing biochar application rate showed an ascending trend in 
GHG emissions (Fig. 5). The highest values of N2O, CH4, CO2, and GWP 
were obtained for the > 20 t ha− 1 application rate of biochar with 
20.3 %, 8.8 %, 17.4 %, and 26.6 % increase, respectively. However, the 
second group of application rate (10–20 t ha− 1) showed a 5.3 % 
decrease in CH4. Also, low, and medium application rates of biochar 
resulted in a decrease in GHGI with a 4.9 % and 19.3 % decrease.

3.5. Effect of soil texture on GHG emissions

The emission of gases varied with different soil textures (Fig. 6). 
Applying biochar in sandy and loamy textures resulted in an increase of 
N2O emission with 26.7 % and 42.5 % increase, respectively. However, 
biochar-treated soil with clay texture showed a 2.1 % decrease in N2O. 
Regarding CH4, the lowest and the highest emissions were obtained from 
sandy (− 10.4 %) and loamy (10.5 %) textured soils, respectively. All 
three types of soils showed a positive increase in CO2. However, the 
sandy soil causes a notable increase in CO2 emission with a 22.1 % 
positive effect size. In both GWP and GHGI, clay-textured soil resulted in 
a negative effect with 3.9 % and 28.9 % decreased values, respectively.

3.6. Effect of type of plant on GHG emissions

Applying biochar originating from different crops causes a notable 
difference in GHG emission factors (Fig. 7). In detail, biochar utilization 
in vegetables showed a positive effect, i.e. 59.3 % increase, higher than 
those calculated for cereal (16.8 %), and orchard (9.3 %). On the other 
hand, the emission of CH4 in vegetable cultivation showed a negative 
effect in its emission, i.e. a 22.5 % decrease. However, cereal and or
chards increased CH4 emissions, i.e. 10.2 % and 16.8 %. Also, the CO2 
emissions for cereal, vegetables, and orchards were obtained as follows; 
5.6 %, 1.1 %, and 10.3 % increase, respectively. The highest GWP was 
related to vegetables with a 20.8 % positive effect size. However, cereal 
and vegetables resulted in approximately equal GHGI with a negative 
effect that was of 6.8 %, on average.

Fig. 2. Percentage changes of GHG emission affected by biochar utilization strategies. Red and blue ribbons represent negative and positive effects, respectively. 
Subgroups with overlapped CIs on the vertical zero line suggest no significant change in property. Subgroups with overlapped CIs with each other are not signif
icantly different. Each ribbon ends with the number of observations for that specific factor.
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3.7. Effect of variables on crop yield

All different utilization strategies of biochar positively increased 
crop yield (Fig. 8). However, the highest crop yield was obtained from 

BOF with a 35.1 % increase, higher than B (16.2 %) and BCF (28.1 %). 
Among the three categories of feedstocks, recalcitrant feedstocks 
showed the highest crop yield with a 32.2 % increase. However, there 
was no significant difference between degradable and moderate 

Fig. 3. Percentage changes of GHG emission affected by feedstock types. Red and blue ribbons represent negative and positive effects, respectively. Subgroups with 
overlapped CIs on the vertical zero line suggest no significant change in property. Subgroups with overlapped CIs with each other are not significantly different. Each 
ribbon ends with the number of observations for that specific factor.

Fig. 4. Percentage changes of GHG emission affected by pyrolysis temperatures. Red and blue ribbons represent negative and positive effects, respectively. Sub
groups with overlapped CIs on the vertical zero line suggest no significant change in property. Subgroups with overlapped CIs with each other are not significantly 
different. Each ribbon ends with the number of observations for that specific factor.

Fig. 5. Percentage changes of GHG emission affected by application rates of biochar. Red and blue ribbons represent negative and positive effects, respectively. 
Subgroups with overlapped CIs on the vertical zero line suggest no significant change in property. Subgroups with overlapped CIs with each other are not signif
icantly different. Each ribbon ends with the number of observations for that specific factor.
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degradable feedstocks, with increased emissions by 19.2 % and 21.3 %, 
respectively. In terms of pyrolysis temperature, the meta-analysis results 
showed that increasing pyrolysis temperature assists in an increasing 
trend in crop yield. The lowest and the highest crop yields were obtained 
for < 400 ◦C and > 500 ◦C pyrolysis temperatures, with positive effects 
of 17.9 % and 28.6 % increase. Although there was no significant dif
ference between low (29.9 %) and medium (34.6 %) rates of biochar 
application in terms of crop yield, the application rate of biochar higher 
than 20 t ha− 1 resulted in the lowest efficiency for crop yield with an 
18.9 % increase. There was no significant difference between soil tex
tures in terms of crop yield. However, biochar application in clay- 
textured soil resulted in slightly higher efficiency for crop yield with a 
28.5 % positive effect size. Although biochar application in cereal and 
vegetables resulted in a high yield with a positive effect of 25.7 %, on 
average, the orchard results showed the lowest efficiency in yield with a 
1.6 % positive effect.

3.8. Pearson correlation between soil organic carbon and GHG emission

The results of Pearson correlations of soil organic carbon (SOC) vs. 
CO2 emission and GWP have been shown in Fig. 9. In detail, in both 
untreated and treated soils, the relation between SOC and CO2 emission 
resulted in positive correlations with R2 = 0.29 (r = 0.54) and R2 

= 0.007 (r = 0.28), respectively. Also, the GWP and SOC resulted in a 
positive correlation in soil without biochar R2 = 0.29 (r = 0.54), and a 

negative correlation in soil with biochar R2 = 0.023 (r = 0.15).

4. Discussion

4.1. Effect of utilization strategies of biochar on GHG emissions

The meta-analysis’s findings demonstrated that sole utilizing biochar 
considerably reduces N2O and CH4 emissions. N2O decrease may be the 
result of biochar’s direct contribution to slowing down the denitrifica
tion process (Zhao et al., 2014). Biochar’s high specific surface area 
makes it capable of absorbing extra inorganic nitrogen reducing its 
availability for microorganisms. Therefore, N2O and N2 forms of volatile 
nitrogen are produced less frequently when oxidizing bacteria have less 
access to NO2

− and NO3
− (Lévesque et al., 2018; Xia et al., 2023). The 

biochar contributes to soil porosity increases and better soil aeration 
(Ghorbani et al., 2019) raising soil redox potential, and decreasing CH4 
emissions as a result of soil organic matter decomposition by meth
anotrophic bacteria (Wang et al., 2019; Yang et al., 2019). In addition, 
soils treated with biochar have a considerable increase in the diversity of 
methanotrophic bacteria contributing to the reduction of methane 
emissions (Lehmann et al., 2021).

However, the use of biochar alone caused a slight increase in CO2 
emissions, although it was not statistically significant. In general, an 
increase in soil organic carbon mineralization subsequently causes an 
increment in CO2 emissions (Shen et al., 2017; Wang et al., 2020). The 

Fig. 6. Percentage changes of GHG parameters affected by soil texture. Red and blue ribbons represent negative and positive effect sizes, respectively. Subgroups 
with overlapped CIs on the vertical zero line suggest no significant change in property. Subgroups with overlapped CIs with each other are not significantly different. 
Each ribbon ends with the number of observations for that specific factor.

Fig. 7. Percentage changes of GHG emission affected by plant types. Red and blue ribbons represent negative and positive effects, respectively. Subgroups with 
overlapped CIs on the vertical zero line suggest no significant change in property. Subgroups with overlapped CIs with each other are not significantly different. Each 
ribbon ends with the number of observations for that specific factor.
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incorporation of biochar in soil has led to a rise in the variety of mi
croorganisms that are efficient in breaking down organic matter, hence 
increasing the conversion of organic carbon into CO2 (Yang et al., 2020). 
Also, the positive correlation between CO2 and soil organic carbon in 
soils treated with biochar could support this idea (Fig. 9). GHG emis
sions increased when biochar was combined with chemical and organic 
fertilizers. However, chemical fertilizers showed a higher potential for 
GHG emissions than organic fertilizers, probably due to the presence of 
extra nutrients in the soil that enhance microbial activity and thus C 
degradation (Harrison et al., 2024). Furthermore, because of N fertil
ization, the increased amount of available-N led to denitrification in
crease resulting in a significant increase of N2O emissions in soils treated 
with a combination of biochar and chemical fertilizer (Liao et al., 2021; 
Sun et al., 2021).

Dosing biochar with organic and chemical fertilizers results in GHG 
emissions because of the increase of degradable carbon in soil (Oladele 

and Adetunji, 2021; Wang et al., 2020). On the other hand, organic 
fertilizers less contributed to N2O emission than chemical fertilizers 
since the lower amounts of available nitrogen. Consequently, given that 
N2O contributes 298 CO2 to global warming much more than methane, 
which contributes 25 CO2, the high GWP of BCF is inevitable (Ghorbani 
et al., 2021; Montoya et al., 2021). However, biochar and its association 
with organic fertilizer resulted in a notable reduction of GHGI. The 
adsorption potential of biochar can reduce the dissolved organic carbon 
when applied simultaneously with organic amendments thereby 
reducing CO2 emission (Fu et al., 2023). That is why BOF caused a 
negative effect size in terms of GHGI.

4.2. Effect of feedstock type of biochar on GHG emissions

Degradable feedstocks such as sludge and manure tend to enhance 
CO₂ and N₂O emissions, as they supply readily degradable organic 

Fig. 8. Percentage changes of crop yield affected by biochar, soil, and plant variables. Subgroups with overlapped CIs on the vertical zero line suggest no significant 
change in property. Subgroups with overlapped CIs with each other are not significantly different. Each ribbon ends with the number of observations for that 
specific factor.
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carbon and available nitrogen that stimulate microbial activity (Y. Chen 
et al., 2018). Consistent with the lower mitigation efficiency observed 
for manure-based biochars in the current study, (Cayuela et al., 2014) 
similarly reported that biochars derived from high-nitrogen feed
stocks—such as manures and biosolids—often exhibit reduced N2O 
mitigation potential. This effect is likely due to increased nitrogen 
release into the soil, which can promote N₂O emissions. Conversely, 
biochars derived from feedstocks with a high C/N ratio have been 
associated with lower N₂O emissions, likely as a result of enhanced 
microbial nitrogen immobilization. These findings together support the 
conclusion that feedstock selection is critical in optimizing biochar’s 
environmental benefits.

Although the nutritional content of unstable feedstocks is higher 
than that of resistant feedstocks (such as wood, nuts, …) (Domingues 
et al., 2017; Hosseini Bai et al., 2015). However, the availability of 
organic substrate may have the opposite effect on CH4 emission. This 
may result from the substantial presence of organic acids, such as vol
atile fatty acids (VFAs), which may progressively arise from the hydro
lytic acidification of soluble organic materials (Du et al., 2019; M. Zhang 
et al., 2019). When the accumulated levels of VFAs surpass the regu
lating capacity of biochar, the methanogenic activity of methanogens 
diminishes in soils treated with unstable-originated biochar, leading to a 
considerable decrease in the rate of CH4 synthesis (Fagbohungbe et al., 
2016). Therefore, a negative effect size in GWP is inevitable under un
stable biochars. On the other hand, biochar made from moderate feed
stocks (straw, husk, etc.) increased CH4 emissions, although not 
significantly. A potential reason for this could be that the surface of 
biochar contains alkaline groups that can offset high concentrations of 
organic acids and lessen the acidic dominance on methanogenic activity. 
The alkalinity of the biochar has been observed to be significantly 
influenced by the functional groups -COO− (–COOH) and -O− (–OH) 
present in the crop straw biochars (M. Zhang et al., 2019). Finally, the 
high porosity of resistant originated biochar (such as wood, nut, etc.) 
may have reduced the activity of methanogenic bacteria by providing 
more aerobic space in the soil, which in turn could have reduced the 
emission of CH4 gas in wood-derived biochar (Nan et al., 2021). It 
should be noted that biochar has the potential to release nutrients 
gradually, which improves plant growth by making more nutrients 
available to plant roots (Bai et al., 2022). Consequently, the fact that 
biochar effectively increases yield production accounts for the decrease 
in GHGI observed in all forms of biochar (Figs. 3 and 8).

4.3. Effect of pyrolysis temperature of biochar on GHG emissions

According to the results, it seems that N2O and CO2 emissions are not 
affected by pyrolysis temperature. However, the emission of CH4 
significantly decreased in biochar produced at moderate temperatures 
(400–550 ◦C). This could be due to the formation notable volume of 
micropores in moderate pyrolyzed biochar rather than low and high 
pyrolyzed biochar, which is not desirable for anaerobic methanogenic 
bacteria (Pan et al., 2019; Shen et al., 2020). It has been reported that 
producing biochar in temperatures between 400 and 550 ◦C causes a 
significant extent in structural micro pores which contributes to an in
crease in the total pore volume (Ghorbani et al., 2024). This is because 
substantial amounts of raw feedstock remain in the biochar structure at 
low pyrolysis temperatures, impeding the development of a porous 
carbon structure. The feedstock’s volatile content gradually drops as the 
pyrolysis temperature rises, and the inherently unstable biomass trans
forms into stable biochar. On the other hand, particularly tough feed
stock components like cellulose and lignin deform as the temperature 
rises above 550 ◦C (Ghorbani et al., 2024; Leng et al., 2021). As a result, 
the inclusion of undesirable impurities like ash causes finer pore 
blockage in biochar, which lowers its potential for aeration (Li et al., 
2017). Hence, intermediate pyrolysis temperature appears to be the 
optimal option to lower methanogenic activity. The reduction in GWP 
and GHGI is greatly aided by this notable decrease in CH4 emissions. 
This explains the rationale for the negative effect size in GHGI caused by 
biochar produced at a moderate pyrolysis temperature.

4.4. Effect of application rate of biochar on GHG emissions

The same results of GHG emissions were obtained for moderate 
application rate of biochar (10–20 t ha− 1). It has been observed that soil 
microorganisms react more strongly to increased rates of biochar 
application, releasing more CO2 and N2O due to breaking down water- 
soluble organic materials (Zhang et al., 2020; Zhu et al., 2018). Micro
organisms readily absorb dissolved organic C from biochar incorporated 
into the soil, which significantly increases their respiration and activity 
and raises soil CO2 emissions. Other studies have also documented an 
increase in CO2 emissions as a result of applying biochar at higher 
application rates (Bruun et al., 2012; Yang et al., 2020). The three 
application rate categories did not significantly differ in terms of N2O, 
while the low and high biochar application rates significantly increased 
the amount of CH4 emitted. It has been found that the content of NH4

+

was higher in soil treated with more than 20 t ha− 1 biochar. Also, the 
primary enzymes implicated in CH4 oxidation are those associated with 

Fig. 9. Pearson correlation between soil organic carbon vs. CO2, and GWP, considering with and without biochar application. The significance of relationships is 
based on α = 0.05.
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CH4-monooxidation. Greater NH4
+ concentrations inhibit the activity of 

CH4-oxidizing bacteria by competing with them; thereby increasing CH4 
emissions (Sun et al., 2016). On the other hand, the lowest application 
rate of biochar could not provide a sufficient aerobic environment to 
mitigate or uptake of the CH4, resulting in increasing CH4 emission 
(Zhang et al., 2020). That is why the highest application rate of biochar 
resulted in a positive effect size in CH4 emission.

4.5. Effect of soil texture on GHG emissions

Depending on the texture of the soil, biochar has different effects on 
crop growth and GHG emissions (Liu et al., 2021). The addition of 
biochar to clay soil due to its high porosity and specific surface area 
could notably assist in adsorbing NH4

+ while reducing NO3
− and N2O 

through nitrification and denitrification process (Zhao et al., 2014). 
However, increased soil porosity also creates ideal conditions for mi
crobial respiration, and oxidation of organic carbon molecules, due to 
boosted soil aeration (Bo et al., 2023). Thus, it is anticipated that in clay 
soils, CO2 will rise and CH4 will drop. However, because of their larger 
macropore volume, coarser textured soils have a better potential for CO2 
production and methane mitigation than clay soils (Zhang et al., 2020). 
Accordingly, adding biochar to coarse-textured soil—which is inher
ently rich in macropores—significantly speeds up the breakdown of soil 
organic matter and raises the N2O and CO2, increasing GWP. In general, 
biochar additions to fine-textured soils have a greater effect on soil 
properties such as soil nutrients, soil micro-organisms, and soil structure 
(Dou et al., 2016; Ghorbani et al., 2019). These soil functions which are 
ideal for plant growth together with low GWP would assist in the sig
nificant decrease of GHGI.

4.6. Effect of type of plant on GHG emissions

Microbial activity and soil quality are significantly influenced by the 
availability of nutrients in the soil. Vegetables, especially those with 
leaves, like Chinese cabbage and celery, are considered to significantly 
boost the amount of nutrients and biological activity in the soil (Ghani 
et al., 2022). On the other hand, vegetables might potentially affect the 
range of hazardous microbes that are in the soil. Many non-leafy plants, 
such as cucumber and eggplant, have been shown to cause elevated 
levels of hazardous soil bacteria, like Nitrospirae and Gemmatimonadetes, 
which are critical for the oxidation of NH4

+ and NO3
− . They are directly 

responsible for the soil’s nitrogen shortage and the release of N2O into 
the atmosphere (Ali et al., 2019; Shaw et al., 2006). This could explain 
why vegetable growing produces the largest N2O emissions (Fig. 2). It 
should be noted that a variety of variables, including soil temperature, 
management practices, and the season of the year the vegetables are 
grown, affect GHG emissions from the cultivation of vegetables. 
Considering surface plowing and coarse-textured soils which are typi
cally used for most vegetable cultivation, adequate aeration provides the 
perfect environment for aerobic microorganisms’ activity (G. Chen 
et al., 2018). Thus, the reduction of CH4 and the large release of N2O and 
CO2 are caused by the decomposition of organic materials. Adding 
biochar to the soil under vegetable cultivation can enhance microbial 
activities (Wang et al., 2015). Although the results indicated that there 
was no statistically significant distinction in the characteristics of gas 
emissions between orchard and cereal cultivations, the former had 
greater positive effect sizes for CO2 and N2O than the latter. The main 
cause of this is that the two kinds of plant cultivations have different 
levels of fertilizer (Nishimura et al., 2004). One major cause of N2O 
emissions from the soil, for example, is the application of manure and 
synthetic N fertilizers to croplands (Syakila and Kroeze, 2011). The 
amount of N2O emissions from the wheat production was 1.8 times 
greater than that from the peach orchard (Xu et al., 2022). Additionally, 
fertilizer is not spread across cereal fields as it is in orchards, where it is 
just put beneath the seedlings. It should be noted that the amount of 
available orchard data that could satisfy the criteria of our meta-analysis 

was strictly limited. While depending solely on GWP reduction is often 
inaccurate, it could be beneficial to compare orchard and cereal culti
vations by considering GHGI as a function of crop output and GHG 
emission. Despite the lack of a statistically significant difference be
tween GWP in cereal and orchards, Fig. 8 illustrates that the crop yield in 
cereals was significantly greater than that in orchards. This indicates 
that compared to growing seedlings, growing grains yields a signifi
cantly lower total carbon intensity per produced yield. Cereals and 
vegetables showed different GHGIs, although it was not statistically 
significant. Despite the effect sizes of the biochar-treated cereal and 
vegetable on yield being the same, the cereal’s low GWP suggests that 
the biochar is indeed far more efficient in reducing greenhouse gas 
emissions and boosting plant yield.

4.7. Effect of variables on crop yield

The yield of crops was greatly boosted by applying biochar with and 
without fertilizers. Our findings support earlier research showing that 
the use of biochar alone significantly increased yield gains when 
compared to control (Jones et al., 2012). Manure and compost were the 
most often utilized organic amendments in this meta-analysis because 
they are both rich in easily metabolized nutrients that provide plants 
with higher productivity (Park et al., 2019). However, the application of 
chemical fertilizers which contain high N rates in comparison with 
organic amendments, may result in nutrient leaching from soil 
(Ghorbani et al., 2022). That is why BOF showed the maximum benefit 
for crop yield, although there were no statistically significant differences 
between BOF and BCF. It should be noted that BOF and BCF represent 
common biochar utilization strategies as reported in the primary liter
ature, and do not reflect statistically tested biochar × fertilizer interac
tion effects. Due to heterogeneity in fertilizer type and rate across 
studies, the observed effects may result from additive rather than 
interactive responses. While we retained these categories to reflect 
practical field conditions, we caution against interpreting them as 
definitive interaction outcomes. Future meta-analyses may benefit from 
including only studies that explicitly test and report such interactions. 
The main causes of nutrient loss include the use of chemical fertilizers 
that contain compounds with high soil mobility, such as NO3

− , and a 
contradiction between crop nutrient demand and nutrient delivery (Fu 
et al., 2023). By contrast, using compost as opposed to chemical fertil
izer increases the soil’s ability to retain nutrients. Mixing biochar with 
organic fertilizer has been shown to improve nutrient holding capacity, 
reduce nutrient leaching, and increase nutrient retention during 
composing, porosity, and aggregate stability (Ghorbani et al., 2022, 
2019; Kamau et al., 2019; Lentz and Ippolito, 2012). Plant yield could be 
enhanced by enhancing soil nutrient holding capacity and root expan
sion, which can also improve the plant’s ability to take in more nutrients 
(Asadi et al., 2021). The meta-analysis revealed that resistant feedstocks 
had the highest crop yield efficiency. Biochar made from lignocellulosic 
materials tends to be very resistant to microbial degradation (Ghorbani 
et al., 2023). However, lignocellulosic biochars have a much higher 
specific surface area and porous structure than readily degradable bio
chars like sludge biochar. This finally results in the cations required by 
the plant being absorbed and retained rather than being leached away, 
which has a substantial impact on the plant’s growth (Chen et al., 2019; 
Xu et al., 2025). This finding is also supported by (Jeffery et al., 2011) 
who reported that biochars derived from more resistant feedstocks, such 
as wood, were more effective at enhancing crop productivity than those 
produced from less stable materials like biosolids. While the current 
meta-analysis found that wood-based biochar led to the highest increase 
in crop yield compared to manure- and straw-based biochars, this con
trasts with previous meta-analysis findings by (Bai et al., 2022), who 
reported greater yield responses from manure and sludge-based bio
chars. This discrepancy may stem from differences in dataset composi
tion and context. In their study, the number of observations for 
manure-based biochar was relatively limited (n = 16), whereas the 
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current meta-analysis included a larger sample (n = 69), potentially 
offering a more comprehensive basis for evaluating its effects across 
diverse conditions. Both studies had strong representation of 
wood-based biochar, however, the broader coverage of manure biochar 
in the current study’s dataset may have influenced the comparative re
sults. This highlights how differences in sample size, study design, and 
agricultural contexts can shape meta-analytic outcomes and reinforces 
the importance of continued data integration in this evolving field. 
However, the temperature at which pyrolysis occurs is a greatly effective 
factor in supplying cations that plant roots require. A variety of func
tional groups, including carboxyl and hydroxyls, have been seen to 
develop on the surface of biochar upon raising the pyrolysis temperature 
(Ghorbani et al., 2024). These groups are directly in charge of absorbing 
and preserving free cations. As a result, it is anticipated that biochar 
produced at a high pyrolysis temperature will result in the maximum 
plant yield. Plant production decreased when the biochar application 
rate was increased to more than 20 t ha− 1. This has an immediate in
fluence on the microbiological activity of soil (Tang et al., 2020). The 
large surface area and porous space of biochar make it an ideal substance 
for oxidizing organic materials in soil. Consequently, once microbial 
activity speeds up, mineralization and gas production processes inten
sify and the amount of nutrients accessible to plants declines dramati
cally (Jaafar et al., 2015; Wong and Ogbonnaya, 2021). Therefore, it is 
expected that the rhizobium would lose more nutrients. These microbial 
processes may also be accelerated by the soil’s natural porosity (Leng 
et al., 2021; Zhang and Shen, 2022). This explains why soils with coarser 
textures and better aeration have been demonstrated to provide less crop 
production.

The application of biochar in vegetables and cereals is associated 
with an increase in crop yield. Numerous earlier studies have demon
strated that the C and N supplies from roots are the main factor regu
lating soil microbial and enzyme activities (Cotrufo et al., 2013; Lyu 
et al., 2019). Leafy vegetables stimulated the emergence of numerous 
beneficial microbial phyla that may use a diversity of bacteria to reduce 
plant diseases while supporting plant growth (Ghani et al., 2022). In one 
example, Proteobacteria, by acquiring nutrients and suppressing illness, 
plays a crucial function in fostering plant growth. They can utilize a 
variety of carbon compounds obtained from decaying wastes and 
exuding roots (Xiong et al., 2015). Actinobacteria are also capable of 
producing a large variety of antibiotics that prevent a broad spectrum of 
plant diseases from growing and developing (Aziz et al., 2021). Another 
explanation for the increase in vegetable yield could be that some plants, 
like those in the Brassicaceae family, have secondary metabolites called 
glucosinolates. These metabolites, when metabolized, produce isothio
cyanate, which can diminish a variety of soilborne pathogens, including 
Fusarium oxysporum, and consequently increase plant yield (Zhou et al., 
2013). The effectiveness of biochar in grain cultivation, which is often 
done with large amounts of organic and chemical fertilizers, has a direct 
relationship with the plant’s demand for nutrient absorption. The 
availability of macro elements is particularly important for plant growth 
in cereal agriculture, and biochar can somewhat offset this requirement. 
Even while biochar did not have a substantial impact on orchard yield, 
this does not imply that biochar is ineffective there. There haven’t been 
many studies done in this domain, and thus a lot more research is needed 
to cover different aspects of plant development and greenhouse gas 
emissions in this kind of product.

4.8. Study limitations and prospects

There are seven main limitations to this study. First, beyond the 
factors considered in this paper, the application rates and types of 
chemical and organic fertilizers, tillage management, and a long period 
of biochar residence in soil may impact microbial activity, plant nutrient 
uptake, and GHG emissions. We strongly suggest including these criteria 
in any further research that is conducted. Second, we observed that there 
are variations in field management methods when applying biochar, 

such as irrigation systems and cropping seasons, which might impact soil 
temperature and microbial activity. This variability makes it challenging 
to assess the exact effect of biochar operations affect GHG and crop 
yield. As a result, it is imperative for further research on this subject. 
Third, research on biochar’s effects on orchards is required. Due to a 
shortage of observations in the literature, this issue is currently chal
lenging to evaluate properly. One major drawback that should be noted 
in meta-analysis studies is the small sample size and lack of certain 
parameters. Our analysis provides an improved estimate of the effects of 
biochar methods on GHG and crop output, notwithstanding these 
drawbacks. Fourth, the influence of biochar on GHG emissions is known 
to be highly climate-dependent, especially due to its effects on soil 
temperature, moisture, and microbial dynamics. However, the current 
dataset includes studies from a range of climates without stratifying the 
analysis by climate zone. This may limit the generalizability of the re
sults across all climatic regions. Future meta-analyses should aim to 
explicitly test for climate zone effects or interactions.

Fifth, while our study included a substantial number of yield-only 
studies, we acknowledge that some relevant yield-focused field studies 
may not have been captured in the initial literature search. This limi
tation stems from our original search strategy, which emphasized 
studies reporting either GHG emissions or both GHG and yield out
comes. Expanding the dataset to include a broader range of yield-only 
studies would be a valuable direction for future meta-analyses. The 
sixth limitation is the variability in GHG emission measurement 
methods across studies, including differences in chamber design, sam
pling frequency, and analytical techniques. These methodological dis
crepancies could contribute to heterogeneity in the effect sizes and 
should be taken into account when interpreting the results.

Finally, we acknowledge the potential for imbalance among 
moderator levels, which may introduce hidden confounding in inter
preting main effects. For example, certain crop types or pyrolysis tem
peratures may have been tested disproportionately in specific soil 
textures or under particular fertilizer regimes. While the forest plots 
indicate the number of observations per moderator level, uneven dis
tributions across moderators may influence the apparent effect of indi
vidual factors. Future meta-analyses using multivariate or meta- 
regression techniques could help further disentangle these interactions 
and adjust for covariation among moderators.

Our study’s findings recommend that priority should be given to the 
field evaluation of biochar when combined with both organic and 
inorganic fertilizers in the future. In addition to their characterization, 
well-defined methods for producing biochar which take into consider
ation various feedstocks and pyrolysis conditions could help achieve the 
goal of manufacturing biochar with the highest possible efficiency in 
terms of reducing GHG and increasing crop output. Gaining insight into 
how applying biochar affects yield can help increase nutrient usage ef
ficiency, which will help reduce GHG and nutrient loss.

5. Conclusions

To obtain a clear view of biochar efficiency in minimizing green
house gas emissions and maximum yield, a meta-analysis was conducted 
using 54 studies and considering various effective factors such as 
different biochar utilization strategies, pyrolysis and feedstock condi
tions, plant type, and soil texture. The combined application of biochar 
and fertilizers in both forms of organic and chemical results in boosted 
crop yield. However, although the combined application of biochar and 
organic amendments is associated with lower global warming potential 
and overall carbon emission intensity, it is important to note that bio
char often incurs higher initial costs than conventional fertilizers due to 
production and transport. Nevertheless, this strategy holds potential for 
reducing long-term fertilizer use and associated environmental costs, 
thereby contributing to more sustainable and potentially cost-effective 
agricultural systems over time. Also, the application of a moderate 
rate of biochar with the aim of soil and plant improvement is crucial to 
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achieving a net zero approach, regarding balancing microorganism ac
tivity and storing soil organic matter for plant usage. The moderate 
pyrolysis temperature in the production process of biochar plays an 
important role in its efficiency on field-emitted gas due to its much- 
extended surface area and porosity, which provides a developed 
habitat for microorganism activities. While the results of this study can 
provide an improved comprehension of the importance of selecting an 
appropriate strategy for cereal cultivation, the analysis of changes in 
vegetable cultivation also highlights the great potential of these plants to 
lower the intensity of greenhouse gases per product.
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