
Biochar is a solid product formed by high-tem-
perature pyrolysis of organic matter, such as straw, 
woody material, or livestock manure, under low anoxic 
conditions. Biochar is widely used as an amendment 
to improve soil quality for plant growth (Pandey 
et al. 2016, Kätterer et al. 2019), resource use effi-
ciency (Stefaniuk et al. 2017), to reduce or mitigate 
environmental pollution (Meng et al. 2018, Lebrun 
et al. 2019, Norini et al. 2019), and as an effective 
measure for reducing greenhouse gas emissions 
(Case et al. 2012, Verhoeven and Six 2014, Lin et al. 

2017). Among its potential applications, agriculture 
is the most widely cited sector for biochar use, and 
biochar products have broad application prospects 
in ecological restoration and rehabilitation of barren 
lands such as degraded cultivated land, degraded 
grassland, and degraded orchards, as well as in new 
farmland (Deal et al. 2012, Jien and Wang 2013, Peake 
et al. 2014, Li et al. 2018).

The addition of biochar can stimulate soil car-
bon sequestration (Sandhu et al. 2017, Wang et al. 
2017), improve soil structure (Mukherjee et al. 2014, 
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Pranagal et al. 2017), physical and chemical proper-
ties (Herath et al. 2013, De la Rosa et al. 2014, Jeffery 
et al. 2015), enhance soil nutrient availability, and 
aggregate stability (Bayabil et al. 2015, Molnár et al. 
2016). By enhancing and improving soil microbial 
activity, biochar also indirectly affects crop growth 
and development, collectively improving soil quality 
and fertility and ultimately improving crop yields 
(Cheng et al. 2017, Yao et al. 2017, Wong et al. 2019). 
Especially in the context of increasingly widespread 
biochar application, in-depth studies of biochar char-
acteristics, application management, and evaluation 
of its value in large-scale agricultural production 
have important theoretical and practical signifi-
cance for the development of sustainable agriculture 
(Tan et al. 2017, Yu et al. 2019). Furthermore, in the 
context of the diversification of biochar feedstocks, 
the development of production technology, and 
the refinement of application techniques, biochars 
have very heterogeneous properties differing in re-
sources and pyrolysis conditions (Mukherjee and 
Zimmerman 2013). Therefore, the analysis of the 
impacts of individual factors no longer fully informs 
applications across the diverse environmental condi-
tions of farmlands.

In recent years, the impact of biochar applica-
tion on crop growth and soil properties has become 
a dynamic area of research focused on the obtain-
ing of increased agricultural yields and improving 
degraded soils (Borchard et al. 2014, Agegnehu et al. 
2016). Biochar application can improve soil proper-
ties, particularly physical properties, and increase 
crop production. Biochar addition to soil could alter 
soil microbial composition and structure and their 
key soil processes such as carbon mineralisation and 
nutrient transformation. Additionally, the wide C : N 
ratio of biochar may decrease soil N availability in 
N deficient soils, therefore reducing crop yields. 
Other negative aspects of biochar on soil include 
decreased nutrient immobilisation and accelerated 
resolve of native soil organic carbon (SOC) by higher 
soil microbial activity (Jindo et al. 2012, Dai et al. 
2020). Studies have shown that biochar addition also 
enhances soil chemical properties, such as soil pH, 
cation exchange capacity (CEC), and soil total carbon 
(TC), ensuring nutrient retention and soil fertility 
(Bera et al. 2016, Giagnoni et al. 2019). Furthermore, 
some studies have reported inconsistent findings 
on the effects of biochar on soil chemical proper-
ties due to various factors, including climate, soil 
properties, planting systems, and biochar properties 

in the experimental areas (Abujabhah et al. 2016a, 
Ajayi and Horn 2016, Sandhu et al. 2017). This has 
rendered the promotion and application of biochar 
technology unfavourable (Verhoeven and Six 2014, 
Hall and Bell 2015, Vaccari et al. 2015, Zheng et al. 
2017). Biochar has complex and wide-scale effects 
on soil chemistry, and there is still an incomplete 
understanding of how the biochar generated from 
different feedstocks and experiment conditions affect 
the chemical properties of different soils (Unger et al. 
2011). Based on the inconsistencies in the findings 
from previous studies, analysing the changes in soil 
chemical characteristics caused by the application 
of biochar with different characteristics and applied 
under different agricultural conditions is important 
for identifying key drivers that have positive effects 
on soil chemical properties. The differences in bio-
char properties and application rates, soil fertility, 
soil texture, climatic conditions, and experimental 
setup and duration could limit comparison between 
different studies and extrapolation of results to other 
conditions. Despite the numerous studies on biochar-
soil interaction, there is still uncertainty on how 
biochar modifies soil chemical properties. Hence, 
developing a comprehensive biochar application 
policy based on experimental conditions is essential.

A meta-analysis is a statistical analysis that col-
lates and combines data from existing research on 
a given subject matter (Jeffery et al. 2016, Omondi et 
al. 2016, Gurevitch et al. 2018, Jiang et al. 2019). This 
method has been applied to quantitatively analyse the 
effects of biochar on crop yield increases (Zhang et 
al. 2019), soil water properties (Omondi et al. 2016, 
Edeh et al. 2020, Razzaghi et al. 2020), plant uptake 
of heavy metals (Chen et al. 2018), and soil green-
house gas emissions (Jeffery et al. 2016, Borchard et 
al. 2019, Liu et al. 2019b). In these studies, biochar 
parameters ((a) production conditions: feedstock and 
pyrolysis temperature; (b) properties: pH, CEC, and 
C : N ratio, and (c) application rates), soil conditions 
(texture, pH, SOC, C : N ratio, and CEC), tested plant 
types, and experimental types (pot or field) were 
the important factors. A few meta-analysis studies 
have been conducted on the effects of biochar on 
soil chemical properties, and no study has compre-
hensively examined the influence of experimental 
conditions on soil chemical properties.

To fill this knowledge gap, we conducted a meta-
analysis to compare the effects of different manage-
ment conditions (experiment duration, type of crop, 
and biochar application rate), soil properties (soil 
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texture and initial soil pH), pyrolysis conditions 
(feedstock and pyrolysis temperature), and biochar 
properties (biochar pH, carbon, nitrogen, oxygen, 
hydrogen, and C : N ratio of biochar) on soil chemical 
properties in order to provide a scientific basis for 
the selective application of biochar. In addition, this 
study aimed to determine the long-term effects of 
biochar on the improvement of soil environments.

MATERIAL AND METHODS

Data collection. The ISI Web of Science, Science 
Direct, and Google Scholar databases were searched 
for reports on the effects of biochar addition to agri-
cultural soils on soil chemical properties published 
before May 2022. The keywords used for the literature 
search were biochar and soil chemical properties 
and/or soil pH and/or electrical conductivity (EC) 
and/or cation exchange capacity and/or soil organic 
carbon and/or soil total carbon and/or soil carbon-
nitrogen ratio (C : N ratio). We only included studies 
that compared the changes between control (i.e., 
without biochar) and biochar-amended soils to form 
the literature database used for this meta-analysis. 
The information or data retrieved from the pub-
lished articles included the measured soil chemical 
properties mentioned above, management conditions 
(cropping system, experiment duration, and biochar 
application rate), soil properties (soil texture and soil 
pH), pyrolysis conditions (feedstock and pyrolysis 

temperature) and biochar properties (biochar pH, 
carbon, nitrogen, oxygen, hydrogen, and C : N ratio 
of biochar). Ultimately, 682 comparisons with soil 
pH data, 326 comparisons with soil EC data, 208 
comparisons with soil CEC data, 293 comparisons 
with SOC, 269 comparisons with total carbon, and 
142 comparisons with the C : N ratio of soil were 
obtained from 138 previously published studies. 
The studies included in our dataset were from the 
continents of Asia, Europe, America, Africa, and 
Australia (Figure 1).

Data categorisation and treatment. For each of 
the investigated soil chemical properties, mean effect 
sizes were also compared when data were pooled 
into different categories according to management 
conditions, soil properties, pyrolysis conditions and 
biochar properties. For the meta-analysis, the dura-
tion of the experiment (the time since biochar was 
applied) was categorised into four levels (< 3 months, 
or 3–6 months, or 6–12 months, or > 12 months). 
Biochar application rates were grouped into low 
(≤ 20 t/ha), medium (21–40 t/ha), high (41–80 t/ha), 
and very high (> 80 t/ha) application rates (Omondi 
et al. 2016). Soil acidity was categorised into three 
different levels (acidic soil with pH ≤ 6.5, neutral soil 
with pH values from 6.5 to 7.5, and alkaline soil with 
pH > 7.5). Soil texture was classified according to 
the USDA Soil Classification System into fine (clay, 
clay loam, silty clay loam, and silty clay), medium 
(loam, silt loam, and silt), and coarse (sandy loam, 

 

Figure 1. Locations of studies included in our meta-analysis
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sandy clay loam, loamy sand, and sand) texture classes 
(Cayuela et al. 2017). Biochar was categorised based 
on feedstock as crop residue biochar, wood biochar, 
manure biochar, and sludge biochar. Biochar pyroly-
sis temperatures were grouped into four categories 
(≤ 400 °C, 401–500 °C, 501–600 °C, and > 600 °C). 
Furthermore, studies were grouped according to 
biochar acidity at pH < 6.0, pH 6.0–8.0, and pH > 8.0; 
biochar carbon of < 50, 50–75, and > 75%; biochar 
nitrogen of < 0.5, 0.5–1, and > 1%; biochar oxygen 
< 10, 10–20, and > 20%; biochar hydrogen of ≤ 3 and 
> 3; and C : N of biochar at < 30, 30 ≤ 50, 50 ≤ 100, 
100 ≤ 500 and > 500 (Cayuela et al. 2014, Gao et 
al. 2019). The soil pH values measured with CaCl2 
were converted to values measured in distilled water 
using a method described by Minasny et al. (2011).

Data calculations and statistical analyses. For 
each standard pair-wise comparison (control and 
biochar treatment), the standardised mean differ-
ence Hedges’d (Hedges and Olkin 1985, Hedges et 
al. 1999) was calculated between the control and 
biochar treatment group to determine the effect size 
metric. The mean effect sizes for each grouping and 
95% bootstrap confidence interval (CI) were calcu-
lated using Stata 15 software (Stata, College Station, 
USA) with Hedges-Olkin random-effects models 
(Adams et al. 1997). The effect size was considered 
to be significant if the 95% CI did not overlap zero. 
While the magnitude of the mean effect d is difficult 
to interpret, Cohen’s benchmark gives a rough esti-
mation with mean effect sizes of d > 0.8 indicating 
a large effect, 0.2 < d < 0.8 a moderate effect, and 
0 < d < 0.2 a small effect (Arft et al. 1999, Fedrowitz 
et al. 2014). Rosenthal’s fail-safe number method 
was used to test the publication bias (Li et al. 2019). 
A Pearson correlation analysis was used to explore 
the relationship among the effect sizes of soil chemi-
cal properties and environmental variables using the 
R package "corrplot." An aggregated boosted tree 
(ABT) analysis was carried out using the "dismo" 
package in R (Hijmans et al. 2017) to quantitatively 
and visually evaluate the relative effect of treatment 
effects on soil chemical properties.

RESULTS

The overall effect of biochar on soil chemical 
properties. Averaged across the entire dataset, the 
addition of biochar significantly increased all soil 
chemical properties (e.g., soil pH, EC, CEC, SOC, 
TC, and C : N ratio of soil) that were considered in 

our analysis (Figure 2). When separating the dataset 
into different categories, we observed that biochar 
significantly increased soil pH, SOC, and C : N ratio 
in all of the investigated variable groups, except 
for the soil pH and SOC in the oxygen content of 
the biochar variable (Figure 3, Table 1). Moreover, 
type of crop, sand, silt, clay content, initial soil pH, 
feedstock materials, pyrolysis temperature, carbon, 
nitrogen, the hydrogen content of biochar, and the 
C : N ratio of biochar had positive effects on soil EC 
in the biochar addition treatments (Figure 3, Table 1). 
The experimental duration and carbon of biochar 
had a positive effect on soil CEC in the biochar ad-
dition treatments (Figure 3, Table 1).

Impacts of management conditions on the ef-
fects of biochar addition. Soil pH, SOC, and CEC 
showed the strongest responses to biochar applica-
tion in experiments lasting 3–6 months. Meanwhile, 
experiments lasting < 3 months, 6–12 months and > 
12 months produced the most significant effect on 
soil TC, EC, and C : N ratio, respectively (Figure 4). 
Soil pH, SOC, and the C : N ratio showed consistent 
positive responses to horticulture, maize, and rice, 
while soil EC, CEC, and TC had the highest responses 
to maize, perennials, and rice, respectively (Figure 4). 
On average, biochar effects on soil pH, SOC, TC, 
and C:N ratio were significant when its application 

Figure 2. Total effect of biochar on soil pH, electrical 
conductivity (EC), cation exchange capacity (CEC), soil 
organic carbon (SOC), soil total carbon (TC) and soil 
carbon nitrogen ratio (C : N ratio). The effect size was 
considered statistically significant if the 95% bootstrap 
confidence interval (CI) did not include zero. The num-
bers next to the bars are sample sizes for each variable
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rate was higher than 40 t/ha, while its effects on soil 
EC were higher when the rate was between 21 and 
40 t/ha. However, the effects on soil CEC were not 
significant at any of the application rates (Figure 4).

Impacts of soil properties on the effects of bio-
char addition. In general, treatment effects on soil 
pH, EC, SOC, TC, and the C : N ratio increased with 
soil texture and initial soil pH. The effect size of 
SOC, TC, and the C : N ratio was generally greater in 

medium texture soil than in soil with other textures, 
while soil pH and CEC had the highest responses to 
coarse texture. In contrast soil, EC had the highest 
response to fine texture soils (Figure 5). On average, 
soil pH, CEC, SOC, TC, and the C : N ratio showed 
consistently positive responses to biochar amend-
ment at a lower initial soil pH (acidic), whereas soil 
EC showed a positive response when the initial soil 
pH was alkaline (Figure 5).

Table 1. Summary of the effect size Hedges’d of soil chemical properties under different conditions

Variable pH EC CEC SOC TC C : N ratio

Experimental duration 0.38 
(0.19–0.56)

0.13 
(–0.04–0.30)

0.31 
(0.08–0.53)

0.46 
(0.29–0.64)

0.42 
(0.23–0.62)

0.44 
(0.19–0.69)

Type of crop 0.35 
(0.16–0.53)

0.27 
(0.10–0.44)

0.26 
(0.03–0.49)

0.50 
(0.31–0.69)

0.26 
(0.07–0.46)

0.53 
(0.31–0.74)

Rate of application 0.41 
(0.22–0.61)

0.15 
(–0.01–0.30)

0.08 
(–0.1–0.27)

0.49 
(0.28–0.69)

0.51 
(–0.0–1.07)

0.36 
(0.19–0.54)

Soil texture 0.31 
(0.15–0.47)

0.19 
(0.02–0.35)

0.19 
(–0.0–0.40)

0.47 
(0.30–0.65)

0.37 
(–0.1–0.90)

0.37 
(0.07–0.68)

Sand (%) 0.41 
(0.27–0.55)

0.27 
(0.07–0.47)

0.17 
(–0.0–0.43)

0.48 
(0.26–0.71)

0.17 
(–0.0–0.40)

0.45 
(0.21–0.70)

Silt (%) 0.41 
(0.23–0.58)

0.30 
(0.10–0.50)

0.29 
(–0.0–0.59)

0.56 
(0.25–0.87)

0.09 
(–0.1–0.32)

0.45 
(0.20–0.70)

Clay (%) 0.39 
(0.23–0.55)

0.25 
(0.05–0.45)

0.23 
(–0.0–0.49)

0.49 
(0.27–0.70)

0.23 
(–0.0–0.50)

0.36 
(0.11–0.60)

Initial soil pH 0.60 
(0.11–1.08)

0.17 
(0.02–0.33)

0.12 
(–0.0–0.32)

0.46 
(0.30–0.63)

0.46 
(0.10–0.82)

0.47 
(0.28–0.66)

Feedstock materials 0.36 
(0.23–0.50)

0.14 
(–0.02–0.30)

0.10 
(–0.1–0.30)

0.48 
(0.31–0.64)

0.39 
(0.06–0.71)

0.33 
(0.16–0.50)

Temperature 0.37 
(0.25–0.48)

0.25 
(0.09–0.41)

0.17 
(–0.0–0.37)

0.50 
(0.33–0.68)

0.31 
(0.08–0.54)

0.44 
(0.22–0.66)

Biochar pH 0.27 
(0.01–0.52)

0.16 
(–0.01–0.32)

0.12 
(–0.0–0.32)

0.50 
(0.33–0.67)

0.53 
(0.26–0.80)

0.60 
(0.27–0.94)

Carbon (%) 0.35 
(0.18–0.52)

0.25 
(0.08–0.43)

0.28 
(0.06–0.51)

0.52 
(0.33–0.71)

0.19 
(0.01–0.37)

0.45 
(0.26–0.64)

Nitrogen (%) 0.37 
(0.17–0.57)

0.30 
(0.04–0.55)

0.27 
(–0.0–0.61)

0.49 
(0.30–0.67)

0.37 
(–0.1–0.85)

0.42 
(0.20–0.64)

Oxygen (%) 0.31 
(–0.01–0.62)

0.37 
(–0.12–0.86)

0.07 
(–0.5–0.69)

0.86 
(0.00–1.72)

0.64 
(0.22–1.07)

0.45 
(0.02–0.89)

Hydrogen (%) 0.36 
(0.12–0.60)

0.35 
(0.00–0.70)

0.05 
(–0.5–0.63)

0.64 
(0.14–1.14)

0.90 
(–0.3–2.14)

0.44 
(0.07–0.80)

C : N of biochar 0.36 
(0.23–0.49)

0.44 
(0.030–0.85)

0.45 
(–0.0–0.91)

0.51 
(0.31–0.71)

0.32 
(0.12–0.51)

0.38 
(0.03–0.73)

Overall 0.39 
(0.33–0.42)

0.21 
(0.17–0.26)

0.20 
(0.14–0.26)

0.50 
(0.44–0.54)

0.35 
(0.27–0.42)

0.44 
(0.38–0.48)

Bold numbers represented significant changes when the 95% confidence interval of the effect size did not overlap 
with zero. pH – soil pH; EC – electrical conductivity; CEC – cation exchange capacity; SOC – soil organic carbon; 
TC – soil total carbon; C : N ratio – soil carbon nitrogen ratio
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Figure 4. Effect size Hedges'd for the soil chemical properties (A) soil pH; (B) electrical conductivity (EC); (C) 
cation exchange capacity (CEC); (D) soil organic carbon (SOC); (E) soil total carbon (TC), and (F) soil carbon 
nitrogen ratio (C : N ratio) of soil under different management conditions (experiment duration, type of crop, and 
biochar application rate). The effect size was considered statistically significant if the 95% bootstrap confidence 
interval did not include zero. The numbers next to the bars are sample sizes for each variable
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Figure 5. Effect size Hedges'd for the soil chemical properties (A) soil pH; (B) electrical conductivity (EC); (C) 
cation exchange capacity (CEC); (D) soil organic carbon (SOC); (E) soil total carbon (TC), and (F) soil carbon 
nitrogen ratio (C : N ratio) under different soil properties (soil texture and initial soil pH). The effect size was 
considered statistically significant if the 95% bootstrap confidence interval did not include zero. The numbers 
next to the bars are sample sizes for each variable
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Impacts of biochar pyrolysis conditions on the 
effects of biochar application. Biochar from dif-
ferent feedstocks significantly effects on soil chemi-
cal properties. Wood biochar and manure biochar 
produced the strongest effects on soil pH and EC, 
respectively, while sewage sludge biochar had the 
most significant effect on SOC, TC, and C : N ratio 
(Figure 6). Overall, the effects on soil pH, SOC, 
and the C : N ratio were generally positive regard-
less of all the biochar pyrolysis temperatures. The 
highest effects on TC and soil EC were observed at 
when biochar pyrolysis temperatures were ≤ 400 °C 
and 401–500 °C, respectively. Meanwhile, biochar 
pyrolysis temperature of 501–600 °C generated the 
strongest effects for SOC and the soil C : N ratio 
(Figure 6).

Impacts of biochar properties on the effects 
of biochar application. A biochar pH value > 8.0, 
carbon content > 50%, nitrogen content > 0.5%, hy-
drogen content < 3%, and C : N ratio < 30, significantly 
increased the soil pH, respectively (Figure 7A). The 
magnitude of increase in soil EC was significant when 
biochar pH was 6.0–8.0, carbon content was < 75%, 
nitrogen was > 0.5%, oxygen was 10–20%, all hydrogen 
content conditions, and the C : N ratio of biochar was 
< 30 and between 50–100 (Figure 7B). In compari-
son, soil CEC was not noticeably affected by biochar 
properties, with the exception of the carbon content 
of biochar between 50–75%, nitrogen > 1%, and the 
C : N ratio of biochar 30–50 and > 500 (Figure 7C). 
The effect of biochar application on SOC was sig-
nificantly positive under all biochar pH, carbon, 
nitrogen, oxygen (except for 10–20%), hydrogen, 
and C : N ratios (except for > 500) (Figure 7D). The 
effect of biochar application on TC was significantly 
positive when the biochar pH value was higher than 
6.0, nitrogen was between 0.5–1%, all oxygen and 
hydrogen content groups, and the biochar C : N ratio 
was > 30 (Figure 7E). The biochar pH, carbon, nitro-
gen (except for > 1%), oxygen, hydrogen, and biochar 
C : N ratio (except for > 50) exhibited an overall effect 
on the soil C:N ratio (Figure 7F).

Correlation analysis among mean effect sizes of 
differences in soil chemical properties. Significant 
positive correlations were found among any two effect 
sizes of soil pH, TC, and SOC (Figure 8). A significant 
positive correlation was also found between effect 
sizes of TC and the soil C : N ratio, as well as the effect 
sizes of soil pH and CEC. The effect sizes of the soil 
C : N ratio was negatively related to EC (Figure 8). 
However, there were no significant relationships 

between any two effect sizes of TC, EC, and CEC. In 
addition, no significant relationships were found for 
the soil C : N ratio with soil pH and SOC (Figure 8).

Key drivers of changes in soil chemical proper-
ties. We conducted an aggregated boosted tree (ABT) 
analysis to compare the relative importance of man-
agement conditions, soil properties, biochar pyrolysis 
conditions, and biochar properties on the soil chemical 
properties. Overall, 71.6–81.6% of the variance in soil 
pH, EC, CEC, SOC, TC, and the C : N ratio could be 
explained by the first four factors that were different for 
each soil chemical property (Figure 9). Moreover, the 
initial soil pH (31.6%), biochar application rate (27.0%), 
and biochar pH (12.1%) were important in explain-
ing the variation of soil pH (Figure 9A); the biochar 
application rate (25.5%), soil pH (16.4%), biochar pH 
(15.4%), and biochar carbon (14.0%) were important 
for soil EC (Figure 9B); the sand content (31.6%), silt 
content (15.7%), and experimental duration (15.5%) 
were important for soil CEC (Figure 9C); the initial 
soil pH (26.2%), pyrolysis temperature (19.3%), biochar 
application rate (19.0%), and biochar carbon (14.2%) 
were important for SOC (Figure 9D); the biochar ap-
plication rate (48.0%) and biochar carbon (15.4%) were 
important for TC (Figure 9E); and the biochar appli-
cation rate (36.3%) and biochar carbon (26.2%) were 
also important for the C : N ratio of soil (Figure 9F). 
Together, these results suggest that the biochar ap-
plication rate, initial soil pH, and sand content in 
the soil were the major drivers of the change in soil 
chemical properties in biochar amended soils.

DISCUSSIONS

In this meta-analysis that used data from pub-
lished experiments conducted worldwide, we found 
that biochar amendment can significantly improve 
soil chemical properties, and biochar addition can 
increase pH, EC, CEC, SOC, TC, and the C : N ratio 
of agricultural soil (Figure 2 and Table 1). Moreover, 
when biochar was added to soils, the soil chemi-
cal properties changed in a way that was related to 
experimental conditions, soil properties, pyrolysis 
conditions, and biochar properties (Figure 3).

Effects of biochar on soil pH. Soil pH is an im-
portant indicator of soil properties, and it has a great 
influence on soil fertility and crop growth (Šimek and 
Cooper 2002). Our meta-analysis showed that the 
use of biochar as a soil amendment significantly (P < 
0.01) increased soil pH (Figure 2, Table 1), depending 
on experimental duration, soil texture, initial soil 
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Figure 6. Effect size Hedges'd for the soil chemical properties (A) soil pH; (B) electrical conductivity (EC); (C) 
cation exchange capacity (CEC); (D) soil organic carbon (SOC); (E) soil total carbon (TC), and (F) soil carbon 
nitrogen ratio (C : N ratio) to biochar addition in agriculture soil under different pyrolysis conditions (feedstock 
and pyrolysis temperature). The effect size was considered statistically significant if the 95% bootstrap confidence 
interval did not include zero. The numbers next to the bars are sample sizes for each variable
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Figure 7. Effect size Hedges'd for the soil chemical properties (A) soil pH; (B) electrical conductivity (EC); (C) 
cation exchange capacity (CEC); (D) soil organic carbon (SOC); (E) soil total carbon (TC), and (F) soil carbon 
nitrogen ratio (C : N ratio) to biochar addition in agriculture soil under different biochar properties (biochar 
pH, carbon, nitrogen, oxygen, hydrogen, and C : N ratio of biochar). The effect size was considered statistically 
significant if the 95% bootstrap confidence interval did not include zero. The numbers next to the bars are 
sample sizes for each variable
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pH, biochar pyrolysis conditions, biochar pH, or the 
biochar application rate (Figure 3, Figures 4A–7A). 
Biochar pH depends on feedstock materials and py-
rolysis conditions and determines its effect on soil 
pH (Lehmann and Joseph 2009, Shaaban et al. 2018). 
In general, biochar pH ranges from 5.9 to 12.3, with 
an average of 8.9 (Ahmad et al. 2014). The potential 
of biochar ameliorating soil acidity is related to its 
alkalinity (Shaaban et al. 2018) and application rate 
(Purakayastha et al. 2019). Biochar generally has 
a higher pH than the soil to which it was applied 
(Liang et al. 2016, El-Naggar et al. 2019); thus, as the 
application rate increases, the soil pH also increases 
(Molnár et al. 2016, Laird et al. 2017). This is likely 
because calcium, magnesium, potassium, and sodium 
base ions exist in biochar in the form of oxides and 
soluble carbonates, which dissolve in water and be-
come alkaline, thus neutralising soil acidity (Tan et 
al. 2017). Moreover, the initial soil pH is important 
in determining the effect of biochar on soil pH.

Due to biochar’s alkaline nature, acidic soils re-
sponded better to biochar applications compared to 
neutral and alkaline soils (Farhangi-Abriz et al. 2021). 
Since various biochar field trials are performed on 
acidic soils, applying an acid-neutralising material 
such as biochar is the most effective practice to in-
crease yield and nutrient availability in such soils. 

Moreover, applying acidic biochar to alkaline soils 
may improve soil pH, while neutral biochar might 
decrease the soil pH of alkaline soils (Hailegnaw et 
al. 2019). Because most biochars are alkaline, limited 
information is available on biochar application to 
alkaline soils (Yu et al. 2019). Therefore, the effects 
of soil pH changes on plant growth in alkaline soils 
caused by biochar application need to be examined. 
Furthermore, it should be noted that the effect of 
biochar on improving soil pH progressively dimin-
ishes as time passes (Molnár et al. 2016). Within 
12 months, biochar application increases soil pH, 
yet after more than 12 months, the effect on soil pH 
is not significant (Figure 4). Oxidation and leaching 
processes may reduce the biochar effects and pH 
with time. This was demonstrated by Slavich et al. 
(2013) in a study showing decreasing effects of bio-
char made from animal manure over a few cropping 
seasons. As the effect of biochar on improving soil 
pH will weaken over time, the application period of 
biochar should be considered when using biochar 
to improve acidic soil.

Effects of biochar on soil EC and CEC. Soil soluble 
salt is directly proportional to EC, so changes in soil 
soluble salt can be inferred from changes in the EC 
value of soil solutions (Corwin and Lesch 2005). When 
biochar is applied, the soil EC value significantly in-

Figure 8. Coefficients and P-values 
of the correlations among mean 
effect sizes of soil pH, electrical 
conductivity (EC), cation exchange 
capacity (CEC), soil organic carbon 
(SOC), soil total carbon (TC) and 
soil carbon nitrogen ratio (C : N 
ratio) measurements for the tested 
studies. Asterisks highlight signifi-
cant P-values (*P < 0.05; **P < 0.01; 
***P < 0.001)
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creases (Table 1, Figure 3), which may be caused by the 
soluble ash it contains, thus improving the soil base 
saturation (Liang et al. 2006). Our results indicated 
that the biochar application rate (25.5%) is impor-
tant in explaining the variation of EC (Figure 9B). 
The biochar made from different raw materials ex-
hibits different EC, between 0.4 and 3.2, which is 
higher than soil’s. However, some studies showed 
that soil EC was negatively correlated (Alotaibi and 
Schoenau 2016) or not correlated (Abujabhah et al. 
2016b) with the amount of biochar applied. This is 
mainly because biochar increases the soil porosity 
and increases the leaching of water-soluble nutrient 
ions to the deep soil, and thus reduces the content 
of soluble ions in the soil.

CEC is used to estimate the ability of soil to adsorb, 
retain, and exchange cations and is, therefore, an 
important indicator of soil quality. A higher CEC 
indicates a high nutrient fixation capacity, which is 

beneficial for plant growth. When in contact with 
the soil, the active groups on the biochar surface, 
such as -COOH or -OH, react with metal cations in 
the soil and form metal ion complexes, resulting in 
electrostatic adsorption (Tan et al. 2017). These func-
tional groups are negatively charged; thus, biochar 
has a high CEC, which increases soil CEC (Figure 2). 
Tan et al. (2017) indicated that soil CEC increased 
by 0.92 cmol/kg when the biochar addition ratio 
was 1 : 100 and continues to increase with biochar 
addition compared to the no biochar addition soil. 
However, the effect of biochar on soil CEC is related 
to biochar feedstock materials, biochar production 
conditions, and soil type (Figure 3C). The probable 
mechanisms have been extensively discussed (Liang 
et al. 2006, Lehmann and Joseph 2009, Hagner et al. 
2016, Shaaban et al. 2018). Our meta-analysis indi-
cated that biochar significantly improves the CEC 
of low CEC and acidic soils, but has no significant 

Figure 9. The relative influence of experimental condition, soil properties, biochar pyrolysis condition and bio-
char properties factors on the soil chemical properties ((A) soil pH; (B) electrical conductivity (EC); (C) cation 
exchange capacity (CEC); (D) soil organic carbon (SOC); (E) soil total carbon (TC), and (F) soil carbon nitrogen 
ratio (C : N ratio)) based on aggregated boosted tree model by analysis using the "dismo" package of R 4.0.2
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effect on CEC for alkaline soils with high CEC or 
soils with high organic matter content (Figure 5C). 
This may be because biochar is rich in functional 
groups, it has a high adsorption capacity and can 
absorb mineral elements (Lehmann and Joseph 2009, 
Ahmad et al. 2014, Laghari et al. 2015).

It should be noted that biochar can increase soil 
CEC, particularly in sandy-textured soils (Figure 9). 
In addition, the duration of biochar application and 
type of crop also affects the effect of biochar on soil 
CEC. It is acknowledged that a positive correlation 
between soil clay content and CEC exists (Ersahin et 
al. 2006, Gao et al. 2021). With biochar amendment, 
the CEC of coarse soils increased compared to non-
coarse textured soils (Figure 5C). This may be due 
to the loose structure of sandy soil, which makes it 
easy for biomass charcoal to pass. Therefore, the 
abundant functional groups on biochar surfaces and 
their larger surface areas can be used to increase soil 
cation exchange capacity, absorb more nutrient ions, 
avoid nutrient loss, and effectively improve soil fertil-
ity and fertiliser utilisation efficiency. Consistently, 
Burrell et al. (2016) and Razzaghi et al. (2020) showed 
in their experimental and statistical data models that 
coarse-textured soils could be improved structur-
ally by biochar application. The CEC of agricultural 
soils gives an overall idea of their fertility status and 
water holding capacity (Obalum et al. 2013), thus, 
low-CEC soils lose nutrient ions with rainfall or ir-
rigation water due to its weak adsorption capacity 
(Gregory and Nortcliff 2013).

Effects of biochar on SOC, TC, and the C : N ra-
tio. Our results indicated that the effect of biochar 
on SOC, TC, and the C : N ratio of soil depended on 
soil pH, biochar properties, application amounts, 
experimental duration, and type of crop (Table 1, 
Figure 3). Several other studies have confirmed an 
increase in soil carbon and the C : N ratio by the addi-
tion of biochar (Agegnehu et al. 2017, Tan et al. 2017, 
Shaaban et al. 2018). Moreover, our study indicated 
that soil pH is important for explaining the variation 
of SOC (26.2%), whereas the biochar application rate 
is important for explaining the variation of soil TC 
(48.0%) or the C : N ratio (36.3%) (Figure 9).

SOC, the main energy source and key trigger for 
nutrient availability, is a major soil factor affecting 
plant growth. Its formation is a long-term process 
involving soil retention of exogenous organic ma-
terials, affected by climate, management practices, 
and soil properties. Biochar has high chemical and 
microbiological stability in soils due to its high carbon 

content, complex aromatised structure, and inher-
ent chemical inertness. Therefore, it may change 
the composition of soil organic matter to increase 
the total SOC content. Applying biochar with a high 
C : N ratio results in microbial nitrogen immobilisa-
tion and carbon substrate input in soil (Kirkby et al. 
2014); therefore, decreased soil microbial activities 
due to the high biochar C : N ratio would reduce soil 
greenhouse gas fluxes and increase SOC (Cleveland 
and Liptzin 2007, Kirkby et al. 2014). Biochar with 
moderate alkalinity would enhance SOC mineralisa-
tion, while that with extremely high or low pH values 
would cause macronutrient deficiencies. Applying 
biochar in acidic soils enhances its consumption by 
microorganisms for balanced soil pH conditions, 
which may trigger a vigorous priming effect on na-
tive SOC mineralisation (Foereid et al. 2011, Jones 
et al. 2011). Otherwise, adding biochar to neutral or 
alkaline soils would inhibit soil carbon mineralisation 
due to enhanced soil pH (Liu et al. 2019a).

Our study showed that the biochar application 
is the most influential variable of biochar effect 
on SOC among all variables. Biochar comprises 
highly concentrated aromatic ring structures, with 
hydroxyl, carboxyl, carbonyl groups, and lactone 
structures on their surfaces, thereby increasing 
soil carbon content (Lyu et al. 2018, Faloye et al. 
2019). Moreover, the porous biochar structure can 
increase the stability of soil organic carbon against 
biodegradation, thereby reducing its mineralisation 
rate (Liu et al. 2019b). Due to abundant surface 
morphological structures, biochar can adsorb soil 
carbon onto its outer surfaces, reducing the avail-
ability of soil organic carbon and inhibiting the 
degradation of adsorbed carbon, thus indirectly 
increasing the carbon content of soil (Hartley et 
al. 2016, Tan et al. 2017, Yu et al. 2019).

Overall, our results showed that the effect size 
(Hedges’d) of the biochar was greatest for SOC (0.50), 
the C : N ratio of soil (0.44), soil pH (0.39), TC (0.35), 
EC (0.21), and CEC (0.20). Among the various factors 
examined using the ABT analysis, 71.6–81.6% of the 
variance in soil pH, EC, CEC, SOC, TC, and the C : N 
ratio could be explained by the first four factors that 
were different for each soil chemical properties. In 
conclusion, our study suggests that improving soil 
chemical properties by adding biochar is affected not 
only by biochar application and biochar properties 
but also by local soil environmental factors, espe-
cially soil pH and soil texture. Improving agricultural 
soil properties by adding biochar requires not only 
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a particular type and implementation of manage-
ment practices, but also the local environmental 
factors that should be considered when proposing 
a land management plan. Furthermore, there is an 
urgent need for long-term agriculture studies exam-
ining changes in soil chemical properties in order 
to improve our understanding of the potential of 
applications of biochar in global agriculture and 
soil environments.
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