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• Effect of biochar/soil properties on plant
productivity response (PPR) was exam-
ined.

• Grand mean of PPR was estimated to be
16.0% regardless of biochar/soil condi-
tions.

• PPR varied from −31.8% to 974% under
different biochar/soil combinations.

• Design of functional biochar according
to initial soil conditions is needed.
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Biochar application in agricultural soils can be highly beneficial to plant productivity. However, how plant pro-
ductivity response (PPR) [% change of plant yield from control (without biochar application)] to biochar applica-
tion is affected by biochar properties, soil conditions, and their combinations is still unclear. Therefore, a meta-
analysis based on 1254 paired comparisons from 153 published studies was conducted. The grand mean of
PPR was estimated to be 16.0 ± 1.3%, regardless of biochar/soil conditions. Meanwhile, a large variation of PPR
from−31.8% to 974%was also observedunder different biochar or/and soil conditions. Specifically, biochar prop-
erties including pH, cation exchange capacity (CEC), contents of carbon and ash, bulk density, and soil conditions
including texture, pH, CEC, nitrogen content, and C/N ratio significantly affected the results of PPR to biochar ad-
dition. Furthermore, the liming effect, improvement in soil physical structure, and increased nutrient use effi-
ciency were suggested as the key mechanisms for the positive PPR in biochar-amended soils. Moreover, PPR
could be significantly affected (strengthened or weakened) by the combined effect of biochar properties and
soil conditions. Overall, the application of biochars with high ash content (or low carbon content) into sandy
soils or acidic soils is highly recommended for increasing plant productivity. This meta-analysis will provide
Keywords:
Combined effects
Meta-analysis
Nutrient cycle
Plant productivity
Soil degradation
Soil remediation
riculture, University of Massachusetts, Amherst, MA 01003, United States.

umass.edu (B. Xing).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.136635&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.136635
mailto:jzx_qdu@qdu.edu.cn
mailto:bx@umass.edu
https://doi.org/10.1016/j.scitotenv.2020.136635
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 Y. Dai et al. / Science of the Total Environment 713 (2020) 136635
helpful information to elucidate the combined effect of biochar properties and soil conditions on plant growth,
which is critical for developing engineered biochar with specific functionality to promote plant production and
food security.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The increasingworld population and a limited amount of arable land
make a great challenge to agricultural production and global food secu-
rity (Roberts, 2009). Thus, high intensity utilization of arable land and a
large amount of chemical or organic fertilizer employment to seekmore
food supply have become the global trend in a few decades (Fan et al.,
2012). However, soil degradation such as acidification (Guo et al.,
2010), soil organic matter (SOM) and nutrient depletion, and pollution
(Huang et al., 2017), has intensified and threatens the sustainable agri-
cultural production. The increased soil acidification and SOM depletion
may further result in deterioration of soil quality such as negative effect
on soil microorganisms (Dai et al., 2017; Ding et al., 2016), and reduc-
tion of aggregate stability and water holding capacity (WHC) (Ibrahim
et al., 2013). These negative effects subsequently can limit plant growth
and food production. Furthermore, the intensified land use and large
amount of chemical fertilizers may increase soil nutrient leaching and
decline nutrient use efficiency (Guo et al., 2010). It was estimated that
the recovery efficiency of nitrogen (N), phosphorous (P), and potassium
(K) was approximately 33%, 20%, and 40%, respectively, in cereals
worldwide, implying more than half of the applied nutrients were lost
in soil-plant system or unavailable to plants (Baligar and Fageria,
2015). Therefore, how to address these issues in degraded soils using ef-
fective remediation technologies is critical to sustainable crop
productivity.

Biochar, a carbon-rich material, can be produced from a wide range
of biomass including crop straw, woodymaterial, livestockmanure, and
other organic waste (e.g., sewage sludge, municipal biosolids) (Luo
et al., 2016b; Zhao et al., 2013). Biochar can be used as a promising
soil amendment to improve crop growth by modulating soil conditions
(Jiang et al., 2019), because of its unique characteristics, such as large
surface area (SA) and rich pore structure, abundant oxygen (O)-con-
taining functional groups, and high cation exchange capacity (CEC)
(Ding et al., 2017; Purakayastha et al., 2019; Tan et al., 2017). However,
a large variation in plant productivity responses (PPR) to biochar appli-
cation in soil was documented in previous studies due to the high het-
erogeneity of biochar properties, soil conditions, experiment designs,
and/or environmental conditions (Hussain et al., 2017). For example,
as summarized by Hussain et al. (2017), the PPR in biochar-amended
soils ranged from−35.8% to +294%. Although a significantly increased
plant productivity had been reported consistently in previous meta-
analysis studies (Biederman and Harpole, 2013; Jeffery et al., 2017;
Jeffery et al., 2011; Liu et al., 2013), the efficiency of plant productivity
improved by biochar was highly depended on biochar properties and
soil conditions. In these meta-analysis studies, biochar production con-
ditions (feedstock andheating treatment temperature), biochar proper-
ties (pH, CEC, and C/N ratio), biochar application rate, soil conditions
(texture, pH, soil organic carbon (SOC), C/N ratio, and CEC), experimen-
tal types (pot or field), tested plant types, and fertilizer utilization con-
ditions (type and application rate) were identified as the important
factors. Furthermore, the liming effect and increases in WHC and nutri-
ent use efficiency were proposed as the most important mechanisms
contributing to biochar-induced improvement in plant growth (Jeffery
et al., 2017; Jeffery et al., 2011; Liu et al., 2013). However, in most of
the previous meta-analyses, the effect of selected biochar properties
or soil conditions on PPR were analyzed separately, and the combined
or interacting effect of biochar properties and soil conditions was not
well examined, thus, not understood either. Misleading biochar utiliza-
tion and undesired outcomes may occur if the biochar properties and
soil conditions were considered separately. Obviously, the general
trend of PPR as affected by biochar properties can vary under different
soil conditions, because the responses of soil physico-chemical proper-
ties to biochar addition are not only affected by biochar properties, but
also determined by the initial soil types (Al-Wabel et al., 2018). For ex-
ample, Jin et al. (2016) demonstrated that the different increasing ex-
tents of tested soil indicators (i.e., pH, CEC, contents of C, N, and P) in
two soil textures (silt loam and clay loam soils) were found when
swine manure-biochar was applied. Moreover, Zhai et al. (2014)
found that the efficiencies of soil Olsen-P and microbial biomass-P
were higher in acidic Red earth soil than alkaline Fluvoaquic soil
under the same maize straw biochar application. Therefore, elucidating
the combined effect of biochar properties and soil conditions on plant
growth is critical for choosing suitable biochar or developing
engineered biochar with specific functionality for a specific soil to pro-
mote crop production. Based on this aim, only the biochar properties
and soil conditions were considered in this meta-analysis to explore
their combined effect on PPR, while other factors, such as biochar appli-
cation rate, tested plant type, or fertilizer utilization conditionswere not
included in this study.

In this study, a meta-analysis based on a data set compiled from 153
studies with 1254 paired comparisonswas conducted to investigate the
effect of biochar properties and soil conditions, and their combined ef-
fect on PPR to biochar application. The specific objectives of this study
were to: 1) investigate the general trend of PPR as affected by biochar
or soil properties in biochar-amended soils, 2) examine how the PPR
can be affected by biochar properties under specific soil conditions,
and 3) to discuss the potential roles of biochar in plant growth improve-
ment by modulating the soil properties and nutrient utilization. These
results are expected to draw the consolidated directions for the success-
ful application of biochar as an efficient soil amendment in crop produc-
tion to increase global food security.
2. Materials and methods

2.1. Data collection

The literature, which reported the plant yields [e.g., total biomass,
grain yield, aboveground biomass (shoot biomass) and/or underground
biomass (root biomass)], was collected mainly from two online data-
bases, i.e., Web of Science and Springer Link. Only one indicator of
plant productivity was selected following the sequence of total biomass,
grain yield, aboveground biomass (shoot biomass) and underground
biomass (root biomass) if more than one indicator was reported in a
given study. The time horizon of data for inclusion of literature in the
databases was up to November 2017. Similar to previous studies
(Jeffery et al., 2017; Liu et al., 2013), the included studies in our meta-
analysis should fulfill the following criteria: 1) the study must be the
original research with quantitative results of the change of plant pro-
ductivity due to biochar application; 2) the reported results must com-
prise the means and standard deviation (SD) [or standard error (SE) in
some cases, which can be changed to SD using the equation of SD ¼ SEffiffiffi
n

p
, where n is the sample size (Luo et al., 2006)]; 3) the study design

had to include at least three replications. From the selected studies,
only treatments for pairwise comparison between groups with biochar
application and corresponding control group without BC application
were extracted. Other basic data relevant to the biochar properties in-
cluding pH, CEC, SA, ash content, total carbon content (TC), bulk density
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(BD), total organic carbon content (TOC), total N content (TN), and C/N
ratio, and soil properties including texture, pH, SOC, CEC, TN and C/N
ratio, were also extracted. In the cases of the results presented only in
figures, Plot Digitizer 2.6 software (http://plotdigitizer.sourceforge.
net/) was used to extract numerical data. In the cases of lacking SD
value, 10% of mean was assigned for calculating these missing SDs
(Luo et al., 2006). Additionally, the pH (KCl) and pH (CaCl2) were trans-
lated into pH (H2O) according to themethod in Nguyen et al. (2017). In
total, 1254 paired comparisons from 153 studies were collected for the
present meta-analysis study.

2.2. Meta-analysis

A two-stagemeta-analysis was conducted. First, the overall trends of
the biochar effect on plant productivity categorized by the properties of
biochar or soil were explored. Second, to further investigate the com-
bined effect of biochar properties and soil conditions on plant produc-
tivity, a sub-meta-analysis was designed, in which the mean effect
size for each biochar group under different soil categories was calcu-
lated. The groups and corresponding classified standards for the se-
lected biochar and soil property factors are listed in Tables S1 and S2.
For example, the BC-pH (b7) means the biochar group with pH b 7,
and the Soil-SOC (L) means the soil group with low SOC content
(b10 g kg−1).

The detailed information of meta-analysis had been introduced
comprehensively in previous studies (Hedges et al., 1999; Jeffery et al.,
2011; Liu et al., 2013; Nguyen et al., 2017). According to these studies,
the effect size of PPR was calculated as a natural log value of the re-
sponse ratio:

lnRR ¼ ln
Xe

Xc

� �
; ð1Þ

where Xe andXc are themeans of biochar treatment and control, respec-
tively. The % change of PPR can be calculated by the following equation:

%change ¼ elnRR−1
� �

� 100: ð2Þ

The significant difference from the control (without biochar amend-
ment) can be identified when the 95% confidence intervals (CIs) do not
overlap the zero, and the significant difference between groups can be
also identified when their 95% CIs do not overlap.

2.3. Data analysis

The MetaWin 2.1 software was employed to calculate the effect size
and the 95% CIs of each categorical group, and the random effectsmodel
was selected according to the results of the heterogeneity test
(Rosenberg et al., 2000). The groups with less than three pairwise com-
parisons were excluded from each analysis. Resampling tests were gen-
erated from 999 iterations. The funnel plot statistics and Fail-safe N
technique (Rosenthal's method) were employed to test the effects of
publication bias and the robustness of the meta-analysis (Rosenberg
et al., 2000). The calculated Fail-safe N was used only to compare with
the 5n + 1 (n is the number of cases) when the funnel plot statistics
(Kendall's Tau and Spearman Rank-Order correlation) was significant
(P b 0.05) (Nguyen et al., 2017). The between-group variability (Qb)
among observations (n) and P valuewere used to test the heterogeneity
between groups. The calculation of % changes in PPR was conducted in
Microsoft Excel 2016. The linear regression analysis by Statistical Prod-
uct and Service Solutions Software (SPSS 25.0) was performed to ana-
lyze the correlations between PPR and biochar/soil properties. The
grand mean changes of soil physicochemical properties in biochar-
amended soils were calculated by MetaWin 2.1 software (Rosenberg
et al., 2000) to examine the effect of biochar on soil physicochemical
properties. The output of figures was analyzed using Microsoft Excel
2016 and Origin 2017.

3. Results

3.1. Statistical tests and overall plant productivity response to biochar
addition

The results of the publication bias test (Tables S3–S4) showed that
the publication biases existing in the literature are unlikely to influence
the overall statistical significance of the results from all the primary
meta-analysis cases, and the majority of sub-meta-analysis cases. Only
the cases of BC-SA groups with soil-CEC (H) category, BC-BD groups
with soil-TN (H) category, BC-TC groups with soil-C/N (M) category,
and BC-BD, BC-TOC groups with soil-C/N (H) category were identified
not passing the publication bias test. The results of heterogeneity test
(Tables S5–S6) demonstrated that the significant heterogeneity was
existing inmost of the cases in both primary and sub-meta-analysis, be-
cause of the relevant data compiled from a wide range of literatures
under variable conditions, e.g., biochar production, experiment designs
(Nguyen et al., 2017). The grandmean of PPR to biochar applicationwas
estimated to be 16.0 ± 1.26%, regardless of the biochar properties and
soil conditions.

3.2. Effect of biochar properties or soil conditions on plant productivity re-
sponse: a primary meta-analysis

3.2.1. Biochar properties
Nine biochar properties, including pH, CEC, SA, TC, ash, BD, TOC, TN,

and C/N, were selected to investigate the effect of biochar on PPR, and
the results are illustrated in Fig. 1. Except for the groups of BC-pH
(b7), BC-ash (b10), and BC-C/N (100−200), most of the biochar groups
demonstrated positive effects on plant growth, and the increased plant
productivity ranged from3.32% in the groupof BC-TOC (N60) to 84.3% in
the group of BC-TC (b30%). Only the BC-pH (b7) group showed a signif-
icant decrease in plant productivity (−12.3%). Notably, the total num-
ber of studies in the low BC-pH group (b7) was 53, only accounting
for 4.74% of the total amount of tested biochars (1110), reflecting that
most of the biochars used for improving plant productivity were alka-
line. Particularly, the greater increase in plant productivity was found
in the groupswith lower categorized values than those of higher catego-
rized values in the cases of BC-CEC, BC-TC, BC-BD, and BC-TOC, whereas
the contrary trendwas recorded in case of the BC-ash group (Fig. 1). For
the BC-pH groups, the highest increase in plant productivity was re-
corded in case of the BC-pH (7–8) group (29.4%), which was signifi-
cantly higher than that for other groups. With regard to the groups
BC-SA, BC-TN, and BC-C/N, although a positive PPRwas detected [except
for BC-C/N (100–200)], no significant difference was found between
each group. Compared to the grand mean of PPR, the extent of plant
productivity improvement can be enhanced in the groups of BC-pH
(7–8), BC-ash (N25), BC-TC (b30), and BC-BD (b0.3), while weakened
in the groups of BC-CEC (20−30), BC-ash (10–25), BC-SA (N200), BC-
BD (N0.3), and BC-TOC (N60) (Fig. 1). Overall, the biochar properties in-
cluding pH, CEC, TC, ash, BD, and TOC were identified as the key factors
that can significantly change PPR.

The results of regression analysis demonstrated that the PPR was
positively correlated with biochar properties including CEC and ash,
while was negatively correlated with biochar properties including TC,
BD, and TOC (Fig. 2). Other biochar properties, including pH, SA, TN,
and C/N, showed non-significant correlations with PPR. These results
were consistent with most of the grand trends identified by the meta-
analysis above (Fig. 1), in which the higher PPRs were acquired by the
biocharswith higher ash content or lower TC, BD, or TOC. Notably, a sig-
nificantly higher PPR to the BC-CEC group (b10 cmol kg−1) than to
other BC-CEC groups was found in the meta-analysis (Fig. 1), which

http://plotdigitizer.sourceforge.net/
http://plotdigitizer.sourceforge.net/
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Fig. 1. Effect of biochar on plant productivity categorized by biochar property. Symbols
indicate the mean % change of plant productivity relative to control with 95% confidence
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correspondingly. The numbers after the name of group indicate the amount of pairwise
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was contradictory to the findings of the regression analysis for the same
factor.

3.2.2. Soil properties
Six soil properties, including texture, pH, SOC, CEC, TN, and C/N,

were selected to explore the effect of soil property on PPR in biochar-
amended soils (Fig. 3). Biochar application to themajority of soil catego-
ries exhibited the consistent increases in plant productivity. Only the
biochar application into the soils with a high CEC or C/N ratio produced
non-significant effects on plant productivity (Fig. 3). Particularly, the
plant growth would be improved much higher by the biochars applied
in the soils with low pH or C/N ratio, or high TN compared to other
soil groups (Fig. 3). Addition of biochar to sand-texture soils can induce
a significantly higher positive PPR than silt-texture soils, but had little
effects for the clay-texture soils (Fig. 3). Additionally, the level of SOC
exerted a non-significant effect on the plant growth following biochar
application (Fig. 3). Compared to the grand effects of biochar on plant
productivity (Fig. 3), the improvement in plant productivity can be en-
hanced markedly by the additions of biochar to soil categories of sand-
texture, acidic, CEC (L), TN (H), and C/N (L), while weakened by the ad-
ditions of biochar to the soil categories of neutral, alkaline, TN (L), TN
(M), and C/N (M) (Fig. 3). Consequently, the soil conditions including
texture, pH, CEC, TN, and C/N ratio can be identified as the key factors
that can alter the PPR significantly.

Due to the non-continuous values for soil texture, the indicator of
soil sand content was used to substitute the soil texture in the regres-
sion analysis, and the result showed no statistically significant correla-
tion between PPR (effect size) and soil sand content (Fig. 4).
Nevertheless, the PPRs positively correlated with SOC and TN, and
negatively correlated with pH, CEC, and C/N (Fig. 4). These results
were consistent with the overall trends identified by meta-analysis
above.

3.3. Combined effect of biochar property and soil condition on plant
productivity

3.3.1. Combined effect of BC-pH and soil conditions on plant productivity
Notably, the positive PPR to alkaline biochar application, which was

observed in the primary meta-analysis (Fig. 1), did not occur consis-
tently under the specific soil categories of CEC (H) and C/N
(H) (Fig. S1). With regard to the acidic biochar group [BC-pH (b7)],
the negative PPR observed in the primary meta-analysis turned to the
positive PPR when the acidic biochars were applied into the alkaline
soils (Fig. S1B). The acidic biochars demonstrated little effect on plant
productivity when they were applied into the soil categories of silt-
texture, acidic, SOC (M), SOC (H), CEC (L), CEC (M), TN (L), C/N (L),
and C/N (H) (Fig. S1). Furthermore, themagnitude of PPR to biochar ap-
plication was also increased or decreased in the specific soil categories.
The negative PPR to BC-pH (b7) group (Fig. 1) could be significantly en-
hanced in the soil categories of CEC (L), CEC (H), TN (M), TN (H), C/N
(M), and C/N (H) (Fig. S1). For the alkaline biochar groups, the positive
PPR could be enhanced in the soil categories of sand-texture, acidic, CEC
(L), TN (H), C/N (L), and C/N (M), andweakened in the soil categories of
silt-texture, alkaline, CEC (H), and C/N (H) (Fig. S1). The maximal de-
crease in plant productivity reached up to −31.8% by BC-pH (b7)
group within the soil-TN (M) category (Fig. S1E), and the maximal in-
crease in plant productivity reached up to 87.1% in case of the BC-pH
(7–8) group within the high TN soil category (Fig. S1E). Additionally,
the significantly positive correlations between PPR and BC-pH were
found in soil categories of SOC (M), CEC (M), and C/N (M),while the sig-
nificantly negative correlations were recorded in the soil categories of
alkaline, CEC (L), and C/N (L) (Fig. S2).

3.3.2. Combined effect of BC-CEC and soil conditions on plant productivity
Similar to the general trend of the plant productivity affected by bio-

char CEC, the extent of plant productivity improvement by the BC-CEC
(b10) group was significantly higher than that in the other BC-CEC
groups within the soil categories of sand, neutral, CEC (L), TN (L), and
C/N (L) (Fig. S3). Compared to controls, the plant productivity was de-
creased greatly in case of the BC-CEC (b10) groupwithin the soil catego-
ries of silt-texture, CEC (M), and TN (M), respectively (Fig. S3).
Additionally, a significantly negative PPR was also found for the BC-
CEC (20–30) group within the CEC (H) soil category (−22.8%,
Fig. S3D), whichwas completely opposite to the general trend observed
in the primary meta-analysis in case of the same BC-CEC group. The
magnitude of increased plant productivity estimated by the primary
meta-analysis could be further elevated for each BC-CEC group within
the specific soil categories. The maximal increases in plant productivity
reached up to 99.6%, 37.1%, 29.0%, and 34.0% in the soil categories of C/N
(L), sand-texture, SOC (L), and acidic for the BC-CEC groups of b10,
10–20, 20–30, and N30, respectively (Fig. S3). Furthermore, the correla-
tions between PPR and BC-CEC also varied across different soil condi-
tions. Significantly positive correlations were recorded in the soil
categories of acidic and alkaline, CEC (H), TN (M), and C/N (M), while
significantly negative correlations were observed in the soil categories
of clay-texture, neutral, CEC (L), CEC (M), TN (H) and C/N (L) (Fig. S4).
Notably, there were no significant correlations between PPR and BC-
CEC in all the soil-CEC categories (Fig. S4).

3.3.3. Combined effect of BC-ash and soil conditions on plant productivity
The plant productivity had little response in the BC-ash (b10) group

according to the primary meta-analysis (Fig. 1), while this trend
changed when the specific soil conditions were taken into consider-
ation. For example, plant productivity could be significantly decreased
when the biochars in the BC-ash (b10) group were incorporated into
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soil categories of CEC (H), TN (H), C/N (M), and C/N (H) (Fig. S5). Con-
trarily, the significant increases in plant productivitywere also observed
when the same biochars were applied to the soil categories of clay-
texture, SOC (L), SOC (M), CEC (M), and TN (M) (Fig. S5). Although neg-
ative PPRswere recorded in case of the BC-ash (10–25) group combined
with soil-C/N (L), and also in BC-ash (N25) group combined with soil
categories of clay-texture or CEC (H), statistically significant differences
from the control were not found (Fig. S5). The maximal increases in
plant productivity reached up to 20.7%, 18.9%, and 134% for the BC-ash
(b10), (10–25), and (N25) groups combined with the soil categories of
CEC (M), acidic, and C/N (M), respectively (Fig. S5). The results of re-
gression analysis demonstrated that the positive correlation between
PPR and BC-ash was still maintained in the majority of soil categories;
only a significantly negative correlation was observed under clay-
texture soil condition (Fig. S6).

3.3.4. Combined effect of BC-SA and soil conditions on plant productivity
The positive PPR to the groups of BC-SA (b50), BC-SA (50–100), or

BC-SA (100–200) observed in the primary meta-analysis (Fig. 1) also
maintained in the majority of soil categories (Fig. S7). Only the BC-SA
(b50) combined with soil-C/N (L), and BC-SA (100–200) combined
with soil categories of silt-texture, neutral, alkaline, SOC (L), and TN
(M) showed a slight decrease in plant productivity without any statisti-
cal significance (Fig. S7). Whereas, for the group of BC-SA (N200), the
significant decreases in plant productivity only occurred in clay-
texture and C/N (H) soils (Fig. S7). The maximal increases in plant pro-
ductivity reached up to 113%, 28.9%, 62.6%, and 68.3% for BC-SA (b50),
(50–100), (100–200), and (N200) groups combinedwith soil categories
of C/N (M), sand-texture, C/N (M), CEC (L), and C/N (M), respectively
(Fig. S7). Similar to the result of regression analysis without considering
soil conditions (Fig. 2), no significant correlation between the PPR and
BC-SA was found in majority of soil categories (Fig. S8). It is noted that
the PPR was identified to be negatively correlated to BC-SA under
clay-texture and C/N (H) soil conditions, and positively correlated to
BC-SA under CEC (L) soil condition (Fig. S8).

3.3.5. Combined effect of BC-TC and soil conditions on plant productivity
The higher improvements in plant productivity by BC-TC (b30) than

other BC-TC groups were still maintained in the soil categories of sand-
texture, acidic, neutral, SOC (H) and CEC (L), and the increased extent of
plant productivity was also enhanced in these cases (Fig. S9). Although
thedecreasing trends of plant productivitywere recorded in the soil cat-
egories by high BC-TC groups, no statistical significance was detected.
The positive PPRs to other three BC-TC groups could be also enhanced
in the specific soil cases, i.e., themaximal increases in plant productivity
by BC-TC (30–50), BC-TC (50–70), andBC-TC (N70) reached up to 43.9%,
32.8% and 62.2% in soil cases of C/N (L), acidic, and C/N (L), respectively
(Fig. S9). Overall, similar to the general trend of PPR to BC-TC factor in
the primary meta-analysis, the biochars with low TC may promote the
plant productivity greater than those with high TC. The consistent neg-
ative correlations between PPR and BC-TCwere identified under major-
ity of soil conditions, as illustrated in Fig. S10.

3.3.6. Combined effect of BC-BD and soil conditions on plant productivity
The twoBC-BDgroups also showed a positive effect on plant produc-

tivity, evenunder different soil conditions (Fig. S11). However, themag-
nitude of improved plant productivity varied. The changes of PPR to the
BC-BD (b0.3) and BC-BD (N0.3) groups ranged from 6.66% in clay-
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texture soils to 46.1% in silt-texture soils, and from 3.08% in soil-CEC
(H) to 14.8% in soil-CEC (M) (Fig. S11). Unlike the overall result of re-
gression analysis (Fig. 2), no correlations between PPR and BC-BD
were observed under all the soil conditions (Fig. S12).
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3.3.7. Combined effect of BC-TOC and soil conditions on plant productivity
The greater increase in plant productivity by BC-TOC (b60) group

than BC-TOC (N60) group was consistently observed across all the soil
categories except for the silt-texture soil type (Fig. S13), whichwas sim-
ilar to the general trend in primary meta-analysis. The maximal in-
creases in plant productivity for BC-TOC (b60) and BC-TOC (N60) were
35.9% in clay textured soil, and 18.7% in silt textured soil (Fig. S13A). A
significant decrease in plant productivity was also shown for BC-TOC
(N60) combined with TN (L) soils (Fig. S13E). The consistent negative
correlations between PPR and BC-TOC were identified under most soil
conditions (Fig. S14).

3.3.8. Combined effect of BC-TN and soil conditions on plant productivity
The results of the primary meta-analysis for BC-TN demonstrated

that there was no significant difference between each TN group
(Fig. 1). However, this trend was changed when the soil conditions
were taken into consideration. For low TN group of BC-TN (b5), the
grand mean of PPR was further enhanced in soil categories of sand-
texture, acidic, SOC (L), SOC (H), CEC (L), TN (L), TN (H), and C/N
(L) (Fig. S15). The maximal increase in plant productivity for this
group reached up to 56.3% in C/N (L) soils (Fig. S15). But a significant de-
crease in plant productivity by the same BC-TN group was observed in
the soil category of CEC (H) (Fig. S15). For the high TN group of BC-TN
(N15), the grand mean of PPR was further enhanced in soil categories
of clay-texture, acidic, CEC (L) and CEC (M), and TN (H) (Fig. S15). Fur-
thermore, a significant decrease in plant productivity for BC-TN (N15)
was also recorded in C/N (M) soils (Fig. S15). For the other twomedium
BC-TN groups, the maximal increases in plant productivity could reach
up to 35.4% in CEC (L) soils for BC-TN (5–10), and to 32.6% in acidic
soils for BC-TN (10–15) (Fig. S15). Notably, biochar addition into high
C/N soils [e.g., soil-C/N (H)] generally generated slight improvement
in plant productivity (Fig. S15).Moreover, the results of regression anal-
ysis demonstrated that the PPR was positively correlated to BC-TN in
soil categories of clay, alkaline, CEC (M), TN (M), and C/N (H), while
negatively correlated to BC-TN in soil categories of sand, TN (L), and
C/N (L) (Fig. S16).

3.3.9. Combined effect of BC-C/N and soil conditions on plant productivity
The positive PPR to low C/N ratio of biochar groups (b50 and

50–100) was also observed in most soil categories. The extents of
 
8 12

 + 0.681

, P < 0.001
(B)

-3

0

3

6

0 25 50 75 100

E
ff

ec
t 

si
ze

SOC (g kg-1)

y = 0.004x + 0.102

R2 = 0.012, P = 0.006
(C)

0 30 40
 kg-1)

+0.116

 P = 0.017
(E)

-3

0

3

6

0 20 40 60

E
ff

ec
t 

si
ze

C/N

y = -0.010x + 0.285

R2 = 0.008, P = 0.041 (F)

ted soils. (A) Sand content; (B) pH; (C) SOC: soil organic carbon; (D) CEC: cation exchange
ng SPSS 25.0. The caseswith P value b0.05 indicate the significant relationship between soil



7Y. Dai et al. / Science of the Total Environment 713 (2020) 136635
increased plant productivity by these two biochar groups were en-
hanced in soil categories of clay-texture, acidic, SOC (H), and CEC
(M) (Fig. S17). For the high C/N of BC group (N200), the greater im-
provements in plant productivity occurred in soil categories of sand-
Table 1
Summary of the meta-analysis results of the present and four previous studies to show the dif

Items Jeffery et al. (2011) Biederman and
Harpole (2013)

Liu et al. (2013)

Data
description

Data
size

177 paired
comparison from 16
studies

371 paired
comparison from
114 studies

880 paired comparis
studies

Time
range

Up to 1st March 2010
Up to 25 June
2012

Up to April 2013

Overall change/% 10 NMb 11.0 ± 1.4

Biochar
properties

pH NM

Alkaline BCs
showed more
pronounced
positive effect on
CP than acidic BCs

Significant increase
BC groups (N7); sign
of CP for non-alkalin

CECa NM NM NM

Ash NM NM NM

SA NM NM NM

TC NM NM NM

BD NM NM NM

TOC NM NM NM

TN NM NM NM

C/N NM No significant
differences
between different
C/N groups

NM

Soil
properties

Texture

Much higher increase
of CP sand soils; no
statistically
significant change in
fine-texture.

NM
Great higher CP incr
group than other gro

pH Significant increase in
both acidic and
neutral soils; no
significant change in
very acidic soils

Acidic groups
showed a greater
positive response
than alkaline
groups

Significant higher in
acidic groups (b6.5)
alkaline groups (N6.5
significant change in
(6.5–7.5)

SOC NM NM Significant higher in
high SOC group (N20
groups

CEC NM NM NM

TN NM NM NM

C/N NM NM Significant higher in
low C/N group (b9)
groups

a CEC: cation exchange capacity; SA: surface area; TC: total carbon content; TOC: total organ
b NM: not mentioned.
texture, CEC (L), TN (H), and C/N (L). For BC-C/N (100–200) group,
the significant decreases in plant productivitywere found in the soil cat-
egories of neutral and CEC (H) (Fig. S17). As the regression analysis il-
lustrated that the significantly positive correlation between PPR and
ferences.

Jeffery et al. (2017) Present study

on from 103 1125 paired comparison from
109 studies

1254 paired comparison from
153 studies

Up to December 2014 Up to November 2017

13 16.0 ± 1.26

of CP for alkaline
ificant decrease
e BC group (b7)

Significant increases of CP for
alkaline and neutral BC groups;
no significant changes of CP for
acidic BC groups

Significant increase of CP for
neutral and alkaline groups;
significant decrease of CP for
acidic group

Significantly higher increase of
CP for high CEC BC group (N200
cmol kg−1) than those low CEC
BC groups (b100 cmol·kg−1)

Significant greater increase of
CP for low CEC group (b10
cmol kg−1) than other groups

Significant higher increase of CP
for low ash group (b10%) than
other groups; no significant
changes for medium AC group
(b10–25%).

Significant greater increase of
CP for high ash group (N25%)
than other groups; no
significant changes for low ash
group (b10%)

NM No significant differences
between different SA groups

No significant differences
between different TC groups

Higher increase of CP for low
CC groups (b50%) than high TC
groups (N50%)

NM Significant higher increase of
CP for low BD group (b0.3)
than the high BD group (N0.3)

NM Significant higher increase of
CP for low TOC group (b60%)
than the high TOC group
(N60%)

NM No significant differences
between different TN groups

Significant increase of CP for
low C/N groups (b40);
significant decrease of CP for
high C/N groups (N150)

No significant increase of CP
for medium C/N group
(100–200)

ease for sand
ups

Significant increases of CP in
both medium and fine texture
groups; no statistically
significant change in
coarse-texture group.

Higher increase of CP in sand
soils, but no significant
difference between different
groups

creases of CP for
than neutral and
); no statistically
neutral group

Higher increase of CP for acidic
groups than neutral and
alkaline groups

Significant higher increase of
CP for acidic group (b6) than
neutral and alkaline groups.

crease of CP for
) than other SOC

Significant increases of CP for
high SOC groups (N1%); no
significant changes for low SOC
group (b1%)

No significant difference
between different SOC groups

NM Significant higher increase of
CP for low CEC group (b10)
than other groups; no
significant change of CP for
high CEC group (N20)

NM Significant higher increase of
CP for high TN group (N2) than
other groups

creases of CP for
than high C/N

Significant increases of CP for
low C/N group (b12.5); no
statistically significant change
for high C/N group (N12.5).

Significant higher increase of
CP for low C/N group (b10)
than other groups; no
significant change of CP for
high C/N group (N20)

ic carbon content; BD: bulk density; TN: total N content; and CP: crop productivity.
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BC-C/N was detected in the soil categories of sand-texture, CEC (L), TN
(H), and C/N (L), the negative correlation was identified in the soil cat-
egories of clay-texture, CEC (M), TN (L), C/N (M), and C/N (H) (Fig. S18).

4. Discussions

4.1. Comparison between current and previous studies

Regardless of biochar properties and soil conditions, the grandmean
of PPR induced by biochar (16.3 ± 1.26%) estimated in this study is
slightly higher than those estimated in previous studies (10–13%)
(Table 1). This variation may be attributed to the bigger sample size
(1254 paired comparisons from 153 studies) than other previous stud-
ies (Table 1), which could cause differences in the data source, and fur-
ther influence the results of the meta-analysis.

The inconsistent results of PPR to biochar application were also
observed between our study and previous studies related to the dif-
ferent biochar properties, such as BC-CEC and BC-ash (Table 1),
which could be attributed to the different classified standards of
these properties. For example, the classified standards of BC-CEC in
Jeffery et al. (2017) were 1–50, 51–100, 101–200 and N200 cmol
kg−1, whereas the b10, 10–20, 20–30 and N30 cmol kg−1 in the pres-
ent study. Furthermore, a large portion of collected observations in
Jeffery et al. (2017)'s study were located into 1–50 group (74.8%),
and the observations in N200 group only accounted for 8.21% of the
total observations, whichmay induce the publication bias to their re-
sults (Jeffery et al., 2017). The distribution of the collected data
among different BC-CEC groups was more homogeneous in the pres-
ent study than those reported by Jeffery et al. (2017). Therefore, a
uniform classified standard, such as the grading standard proposed
by IBI (International Biochar Initiative), is needed to improve the
comparability between different studies. Furthermore, the biochar
properties including SA, BD, TOC, and TN, and soil properties includ-
ing CEC and TN, and the combined effect of biochar/soil conditions
on PPR were investigated for the first time in our meta-analysis.
These could be more beneficial to understanding the PPR to biochar
addition under different biochar/soil conditions.

4.2. Role of biochar in soil structural property improvements

Generally, the biochar properties of low BD, high SA, and devel-
oped pore structure may potentially improve the structural proper-
ties of amended soils, such as BD, SA, porosity, pore size
Table 2
Grand responses of soil physicochemical properties to biochar addition.

Soil properties Data sizea

pH 305 pairs of data from 59 studies
SOCe 180 pairs of data from 30 studies
Porosity 21 pairs of data from 4 studies
WHC 122 pairs of data from 23 studies
BD 138 pairs of data from 25 studies
CEC 85 pairs of data from 14 studies
EC 110 pairs of data from 19 studies
TN 170 pairs of data from 33 studies
Available N 50 pairs of data from 7 studies
Ammonium N 104 pairs of data from 18 studies
Nitrate N 103 pairs of data from 18 studies
Available P 119 pairs of data from 25 studies
Available K 57 pairs of data from 14 studies
N uptake 103 pairs of data from 14 studies
P uptake 62 pairs of data from 10 studies
K uptake 62 pairs of data from 10 studies

a The data used in this meta-analysis compiled from the published references, which were l
b The values of % change were calculated by the values of effect size using the software of M
c The values of % change labeled with asterisk mean that they were significantly affected by
d 95% CI: 95% confidence interval, which can be concluded that the soil properties were sign
e SOC: soil organic carbon; SOM: soil organic matter; WHC: water holding capacity; BD: bul
distribution, and aggregate stability (Al-Wabel et al., 2018; Burrell
et al., 2016; Mukherjee et al., 2014; Obia et al., 2016; Zheng et al.,
2018b). The structural improvement, therefore, could further in-
crease the soil WHC, improve nutrient cycle, and microbial commu-
nity (Tan et al., 2017), which are beneficial to plant growth (Lone
et al., 2015; Tan et al., 2017). Liang et al. (2006) found that the SA
of black carbon-rich Anthrosols was up to 4.8 times higher than
that of the adjacent black carbon-poor soil, which probably elevated
the charge density of Anthrosols by surface oxidation of black car-
bon, and further resulted in higher soil CEC compared to the black
carbon-poor soil. Additionally, the decrease in soil BD (−7.47%)
and increase in soil porosity (+6.27%) could contribute to the posi-
tive increase in soil WHC (+9.82%) (Table 2). The benefits of biochar
application to plant productivity through the positive improvement
in soil structural properties can be supported directly by the nega-
tive relationship between PPR and BC-BD observed in this present
study (Fig. 2). Furthermore, soil WHC and water use efficiency
have been reported to be increased more effectively by biochar addi-
tion in the low-silt/sand soils than in cases of the clay soils (Al-
Wabel et al., 2018). As a result, more effective improvement in
plant productivity for biochar addition to sand-texture soils than
other texture soils was observed consistently in previous and pres-
ent studies (Jeffery et al., 2011; Liu et al., 2013) (Fig. 3). This indi-
cates that using biochar in sandy/dryland soils may be the
preferred strategy for enhancing plant productivity through improv-
ing the WHC of soils. A multi-year and multi-location observation
conducted by Laird et al. (2017) also confirmed that the anticipated
increase in annual average crop yield was found when the biochar
was applied in a poor sand-texture soil located in a region in
Washington, USA.

Unexpectedly, the BC-SA demonstrated the non-significant effect
on PPR (Figs. 1 and 2), indicating that the magnitude of biochar SA
may not be related to plant growth improvement closely. Generally,
the large SA of biocharmay potentially supply more sorption sites for
SOM and other nutrients (Zheng et al., 2018b). However, the sorp-
tion effectiveness of biochar in soils is not only determined by its
SA, but also regulated by the components on biochar surface
(i.e., O-containing functional groups and its species, minerals) or
the minerals in soils (Zheng et al., 2018b). Therefore, considering
the utilization of biochar in agricultural soils, the quantity and spe-
cies of components on biochar surface should receive more atten-
tions, rather than the magnitude of biochar SA alone, which needs
to be further investigated.
Grand mean: % changeb 95% CId

8.78*c 7.64 9.95
47.6* 42.7 52.8
6.27* 4.49 8.08
9.82* 6.10 13.7

−7.47* −8.64 −6.27
19.4* 16.4 22.5
1.92 −5.19 9.57

22.2* 18.6 26.0
3.90 −0.29 8.26

−6.91 −13.38 0.03
2.51 −5.96 11.7

32.4* 25.6 39.5
48.3* 36.2 61.6
3.15 −1.45 7.96
5.46 −3.16 14.9

11.6* 4.73 18.9

isted in Table S7 in Supplementary data.
etaWin2.1 (detail processes can be seen in Section 3.2).
biochar addition (the corresponding values of 95% CI don't overlap the zero).
ificantly affected by biochar addition if the values of 95% CI did not overlap the zero.
k density; CEC: cation exchange capacity; EC: electronic conductivity; TN: total N content.
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4.3. Role of biochar in soil chemical property improvements

Soil pH is one of the most important factors to influence plant
growth directly via affecting the microbial community and nutrients
cycle (Dai et al., 2017). The liming effect of biochar, which is determined
by its alkaline property, is regarded as one of themost important mech-
anisms for elevating plant productivity, especially for acidic soils (Jeffery
et al., 2011; Liu et al., 2013). On average, the soil pH can be significantly
increased by 8.78% in the biochar-amended soils (Table 2). Moreover,
the increased extent of soil pH was found to be positively correlated
to the increased amount of plant productivity (Jeffery et al., 2011).
This mechanism was also confirmed by the negative correlation be-
tween PPR and soil pH in the present meta-analysis (Fig. 4B). Further-
more, the positive PPR to biochar application in alkaline soils was also
recorded (Fig. 3), even for those high alkaline biochars [e.g., the BC-pH
(N10) group] (Fig. S1B). This indicated that the changes in alkaline soil
properties including SOM content, electronic conductivity, C/N and
CEC induced by biochar (Liu et al., 2019; Luo et al., 2017; Zheng et al.,
2018a) may be the main contributors to the positive PPR, rather than
the change in soil pH. However, a negative correlation between PPR
and BC-pH was also observed for biochar applied in the alkaline soils
(Fig. S2), implying that the decrease in soil alkalinity could also contrib-
ute to the plant productivity improvement in alkaline soils. This is also
why acidic biochar prepared via pyrolyzing switchgrass at low temper-
ature (350 °C) (Ippolito et al., 2016) or adding HCl to the prepared bio-
chars has been proposed to be used in the alkaline soil remediation
(Sadegh-Zadeh et al., 2018). Therefore, the changes in soil pH regulated
by biochar and its effect on plant growth in the alkaline soils still need to
be examined.

SOC is another key soil factor affecting plant growth as it is the main
source of energy and key trigger for nutrient availability (Diacono and
Montemurro, 2010). Maintaining and increasing the SOC content in ag-
ricultural soils, therefore, result in positive impacts on plant production
(Diacono andMontemurro, 2010). In the present study, the SOC content
significantly increased by 47.6% on average in biochar-amended soils
(Table 2) due to biochar's high recalcitrant C content, whichwas also re-
ported extensively in previous studies (Dong et al., 2016; Duet al., 2016;
Luo et al., 2016b). However, compared to the TOC input by biochar, the
components of OC embodied in biochar, especially for the active OC
fractions such as dissolved organic carbon, are more important to im-
proving plant productivity. For example, the greater increase in plant
productivity was found for the biochars with low C content (84.3% for
TC b 30%) than those with high C content (15.5% for TC N 70%) (Figs. 1
and 2). Generally, the biochars produced at low temperature
(b500 °C) or/and from non-lignin-derived materials (i.e., crop straw
and manures) exhibited lower TC content than those produced at high
temperature (N500 °C) or/and from lignin-derived materials
(i.e., woody material) (Zhao et al., 2013). Correspondingly, the content
of labile C, ash, and nutrients (i.e., N, P, K, Ca, andMg)may be also higher
in the former biochars than the latter ones (Bird et al., 2011),whichmay
potentially enhance the nutrients supply and soil microbial activity
(Chen et al., 2016). Similarly, Jeffery et al. (2017) demonstrated that
the greater increase in plant productivity was achieved by the addition
of biochars produced from the ‘nutrient’ feedstock (i.e., manures and
biosolids) than those produced from ‘structure’ feedstock (i.e., wood
and straw) in the nutrient-deficient tropical soils. Additionally, the pres-
ence of environmentally persistent free radicals (EPFRs) in biochar
could potentially decrease plant growth (Odinga et al., 2020). For exam-
ple, the seed germination and root and shoot growth were significantly
inhibited by biochar due to the introduction of EPFRs, which damaged
the plasmamembrane (Liao et al., 2014). However, the relationship be-
tween biochar EPFR content and PPR was not explored in the present
meta-analysis due to the insufficient published data. Therefore, charac-
terizing the components of OC embodied in biochar and their relation-
ships to plant growth is more important than the total amount of
carbon input.
Soil CEC plays an important role in soil quality, such as retention of
cationic nutrients (e.g., K, Mg, Ca, and others), and thus may be benefi-
cial to plant uptake (Purakayastha et al., 2019). The release of exchange-
able cations (i.e., Ca, Mg, K, and Na) introduced by biochars could
increase the concentration of exchangeable cations in soil (Moon
et al., 2017). The biochar-induced improvement in soil CEC (19.4%,
Table 2) may subsequently promote plant productivity, which can be
supported by the positive correlation between PPR and BC-CEC, and a
negative correlation between PPR and soil CEC, respectively (Figs. 2B
and 4D). The initial soil properties (e.g., pH, humic materials content,
and CEC) have been suggested to mediate the improvement in soil
CEC by biochars (Mukherjee et al., 2011). Therefore, the inconsistent re-
lationships of PPR and biochar CEC were also observed among the bio-
char application within different soil conditions (Figs. S3 and S4).
Therefore, apart from biochar itself, the effect of biochar on soil CEC
under different soil conditions, as mentioned above, should be further
examined.

4.4. Roles of biochar in soil nutrient cycle

Increasing soil N retention and its use efficiency after biochar applica-
tion have been frequently reported in relating to plant productivity im-
provement, because of the additional N supply or/and improvement in
N cycle contributed by biochar (Ding et al., 2016; Luo et al., 2016a; H.
Wang et al., 2017; Z. Wang et al., 2017; Zheng et al., 2013b). However,
the relative contributions of these two roles of biochar as N supplier or
N improver are still unclear. In the present study, our meta-analysis re-
sults indicated that the role of biochar in soil may be more inclined to N
improver by regulating the N cycle than as a N supplier. This can be sup-
ported by the insignificant effect of BC-TN on the PPR (Fig. 1) and the in-
significant correlation between PPR and BC-TN (Fig. 2H), while the
positive correlation between PPR and soil-TN (Fig. 4F). Moreover, biochar
addition also showed little impact on the soil content of available N
(NH4

+- and NO3
−-N) (Table 2). This may be ascribed to the less available

N provided by biochar (Zheng et al., 2013b) or the provided N was
immobilized in the soil due to biochar-induced high C/N ratio (Z. Wang
et al., 2017). Biochar could potentially implicate the soil N cycle through
several mechanisms including: 1) decrease or increase the soil inorganic
N content via N adsorption or desorption by biochar (Nguyen et al.,
2017; Zheng et al., 2013a; Zheng et al., 2013b), 2) impact the microbial
processes of N mineralization or immobilization via the changes in the
content of soil mineralizable substrates (i.e., labile organic compounds)
(Nguyen et al., 2017; Zheng et al., 2013a), and 3) alter the balance be-
tween the processes of nitrification and denitrification through the alter-
ations of soil properties (i.e., pH and aeration) (Nguyen et al., 2017;Wang
et al., 2015;Wang et al., 2013). However, the extent and dominantmech-
anisms of N cycling as affected by biochar are highly determined by its
surface properties (i.e., SA, acidic functional groups, and CEC), and the
species and amount of NH4

+-N and NO3
−-N in soils (Ding et al., 2016;

Nguyen et al., 2017). For example, a previous study showed that the ad-
sorption capacity of biochar to NH4

+-N (372–2102 mg g−1) is generally
higher thanNO3

−-N (171–533mgg−1) due to the negative surface charge
of biochar (Zheng et al., 2013b). The C/N ratios of biochar or soil have been
regarded as the indicators to predict whether the N is immobilized
(higher than 20) or mineralized (lower than 20) by microbes in
biochar-amended soils (Chan and Xu, 2009; Nguyen et al., 2017; Novak
et al., 2010). Therefore, the application of biochar into the soils with
high C/N (or low TN content) may decrease N availability and limit
plant growth, as the negative correlation between PPR and soil C/N
(R2 = 0.008, P = 0.041) showed in Fig. 4F. Furthermore, Jeffery et al.
(2017) found that biochars with the lowest C/N (b20) may significantly
increase plant productivity, while the biochars with the highest C/N
(N200) may significantly decrease the plant productivity. However, this
trendwas not found in our study (Figs. 1 and 2I), and even the greater im-
provement in plant productivity could be acquired by BC-C/N (N200)
group than other low BC-C/N groups under the specific soil conditions
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[i.e., sand-texture, CEC (L), TN (H), and C/N (L)] (Figs. S17 and S18).
Therefore, compared to BC-C/N, the soil-C/N could affect the PPR in
biochar-amended soils more greatly. In addition, PPR to biochar applica-
tion could be greatly affected by the condition of N fertilizer co-
applications or other additives (e.g., wood vinegar) (Aller et al., 2018;
Zhang et al., 2020), although it was not explored in this study. Aller
et al. (2018) reported that the positive PPRs to biochar applications
were observed only when the co-applied N fertilizer was at a high appli-
cation rate (200 kg ha−1). Further studies are needed to investigate the
plant growth response to the interactions between biochar and fertilizer.

Biochars, particularly produced from animal manure and sewage
sludge, were regarded as the important P and K sources for plant growth
in low-P or -K soils (Hansen et al., 2017; Zheng et al., 2013b). On average,
the contents of soil available P and K could be significantly increased by
32.4% and 48.3%, respectively (Table 2). Additionally, Zheng et al.
(2018a) demonstrated that P-solubilizing bacteria (Pseudomonas and Ba-
cillus) were more abundant in biochar-amended soil, thus, the fixed P
forms in soil minerals, SOM, or biochars could be solubilized or trans-
formed into available P. Zheng et al. (2013b) also recommended that
the high-temperature giant reed biochar (i.e., 600 °C) could be a suitable
amendment for K-deficient soils. Therefore, using P and K-rich biochars
may not only play the roles of nutrient suppliers, but also the improvers.
However, the direct effects of biochar P and K contents on plant produc-
tivity were not included in this meta-analysis, because of the limited rel-
evant data available in the published literature.
5. Conclusions and recommendations

The meta-analysis in the present study showed that the grand ef-
fect of biochar on plant productivity was estimated to be 16.0 ±
1.26%, regardless of biochar properties and soil conditions. However,
the efficiency of biochar in improving plant growth could be greatly
affected by the combined effect of biochar properties and soil condi-
tions; thus, PPR displays substantial variation (−31.8% to 974%). Fur-
thermore, the underlying mechanisms contributed to the positive
PPR also changed for the same biochar under different soil condi-
tions. The findings in the present study positively contributed to
the understanding of the underlying mechanisms of biochar in en-
hancing plant production, and promoting the effective application
of biochar in plant production. In summary, we highlighted that, to
increase the effective biochar utilization in agricultural soils, the
properties of biochar should be selected carefully before their appli-
cation to soils according to the conditions of targeted soils and spe-
cific problems to solve.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This research was supported by the National Natural Science Foun-
dation of China (41703084), Shandong Key Research and Development
Program-Science and Technology Innovation Project (2018CXGC0304),
NSF (CBET 1739884), and USDA McIntire-Stennis Program (MAS
00028). Z.X.J thanks Shandong Provincial Education Department for
supporting him to study at UMass Amherst for a year.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.136635.
References

Aller, D.M., Archontoulis, S.V., Zhang, W., Sawadgo, W., Laird, D.A., Moore, K., 2018. Long
term biochar effects on corn yield, soil quality and profitability in the US Midwest.
Field Crops Res. 227, 30–40. https://doi.org/10.1016/j.fcr.2018.07.012.

Al-Wabel, M.I., Hussain, Q., Usman, A.R.A., Ahmad, M., Abduljabbar, A., Sallam, A.S., Ok,
Y.S., 2018. Impact of biochar properties on soil conditions and agricultural sustain-
ability: a review. Land Degrad. Dev. 29, 2124–2161. https://doi.org/10.1002/ldr.2829.

Baligar, V.C., Fageria, N.K., 2015. Nutrient use efficiency in plants: an overview. In: Rakshit,
A., Singh, H.B., Sen, A. (Eds.), Nutrient Use Efficiency: From Basics to Advances.
Springer India, New Delhi, pp. 1–14.

Biederman, L.A., Harpole, W.S., 2013. Biochar and its effects on plant productivity and nu-
trient cycling: a meta-analysis. GCB Bioenergy 5, 202–214. https://doi.org/10.1111/
gcbb.12037.

Bird, M.I., Wurster, C.M., de Paula Silva, P.H., Bass, A.M., de Nys, R., 2011. Algal biochar—
production and properties. Bioresour. Technol. 102, 1886–1891. https://doi.org/
10.1016/j.biortech.2010.07.106.

Burrell, L.D., Zehetner, F., Rampazzo, N., Wimmer, B., Soja, G., 2016. Long-term effects of
biochar on soil physical properties. Geoderma 282, 96–102. https://doi.org/10.1016/
j.geoderma.2016.07.019.

Chan, K., Xu, Z., 2009. Biochar: nutrient properties and their enhancement. In: Lehmann,
J., Joseph, S. (Eds.), Biochar for Environmental Management: Science and Technology.
1. Earthscan, London, UK, pp. 67–84.

Chen, J., Sun, X., Li, L., Liu, X., Zhang, B., Zheng, J., Pan, G., 2016. Change in active microbial
community structure, abundance and carbon cycling in an acid rice paddy soil with
the addition of biochar. Eur. J. Soil Sci. 67, 857–867. https://doi.org/10.1111/
ejss.12388.

Dai, Z., Zhang, X., Tang, C., Muhammad, N., Wu, J., Brookes, P.C., Xu, J., 2017. Potential role
of biochars in decreasing soil acidification - a critical review. Sci. Total Environ.
581–582, 601–611. https://doi.org/10.1016/j.scitotenv.2016.12.169.

Diacono, M., Montemurro, F., 2010. Long-term effects of organic amendments on soil fer-
tility. A review. Agron. Sustain. Dev. 30, 401–422. https://doi.org/10.1051/agro/
2009040.

Ding, Y., Liu, Y., Liu, S., Li, Z., Tan, X., Huang, X., Zeng, G., Zhou, L., Zheng, B., 2016. Biochar to
improve soil fertility. A review. Agron. Sustain. Dev. 36. https://doi.org/10.1007/
s13593-016-0372-z.

Ding, Y., Liu, Y., Liu, S., Huang, X., Li, Z., Tan, X., Zeng, G., Zhou, L., 2017. Potential benefits of
biochar in agricultural soils: a review. Pedosphere 27, 645–661. https://doi.org/
10.1016/s1002-0160(17)60375-8.

Dong, X., Guan, T., Li, G., Lin, Q., Zhao, X., 2016. Long-term effects of biochar amount on the
content and composition of organic matter in soil aggregates under field conditions.
J. Soils Sediments 16, 1481–1497. https://doi.org/10.1007/s11368-015-1338-5.

Du, Z., Zhao, J., Wang, Y., Zhang, Q., 2016. Biochar addition drives soil aggregation and car-
bon sequestration in aggregate fractions from an intensive agricultural system. J. Soils
Sediments 17, 581–589. https://doi.org/10.1007/s11368-015-1349-2.

Fan, M., Shen, J., Yuan, L., Jiang, R., Chen, X., Davies, W.J., Zhang, F., 2012. Improving crop
productivity and resource use efficiency to ensure food security and environmental
quality in China. J. Exp. Bot. 63, 13–24. https://doi.org/10.1093/jxb/err248.

Guo, J., Liu, X., Zhang, Y., Shen, J., Han, W., Zhang, W., Christie, P., Goulding, K.W.T.,
Vitousek, P.M., Zhang, F., 2010. Significant acidification in major Chinese croplands.
Science 327, 1008–1010. https://doi.org/10.1126/science.1182570.

Hansen, V., Muller-Stover, D., Imparato, V., Krogh, P.H., Jensen, L.S., Dolmer, A.,
Hauggaard-Nielsen, H., 2017. The effects of straw or straw-derived gasification bio-
char applications on soil quality and crop productivity: a farm case study.
J. Environ. Manag. 186, 88–95. https://doi.org/10.1016/j.jenvman.2016.10.041.

Hedges, L.V., Gurevitch, J., Curtis, P.S., 1999. The meta-analysis of response ratios in exper-
imental ecology. Ecology 80, 1150–1156. https://doi.org/10.2307/177062.

Huang, J., Xu, C., Ridoutt, B.G., Wang, X., Ren, P., 2017. Nitrogen and phosphorus losses and
eutrophication potential associated with fertilizer application to cropland in China.
J. Clean. Prod. 159, 171–179. https://doi.org/10.1016/j.jclepro.2017.05.008.

Hussain, M., Farooq, M., Nawaz, A., Al-Sadi, A.M., Solaiman, Z.M., Alghamdi, S.S., Ammara,
U., Ok, Y.S., Siddique, K.H.M., 2017. Biochar for crop production: potential benefits
and risks. J. Soils Sediments 17, 685–716. https://doi.org/10.1007/s11368-016-
1360-2.

Ibrahim, H.M., Al-Wabel, M.I., Usman, A.R.A., Al-Omran, A., 2013. Effect of conocarpus bio-
char application on the hydraulic properties of a sandy loam soil. Soil Sci. 178,
165–173. https://doi.org/10.1097/SS.0b013e3182979eac.

Ippolito, J.A., Ducey, T.F., Cantrell, K.B., Novak, J.M., Lentz, R.D., 2016. Designer, acidic bio-
char influences calcareous soil characteristics. Chemosphere 142, 184–191. https://
doi.org/10.1016/j.chemosphere.2015.05.092.

Jeffery, S., Verheijen, F.G.A., van der Velde, M., Bastos, A.C., 2011. A quantitative review of
the effects of biochar application to soils on crop productivity using meta-analysis.
Agric. Ecosyst. Environ. 144, 175–187. https://doi.org/10.1016/j.agee.2011.08.015.

Jeffery, S., Abalos, D., Prodana, M., Bastos, A.C., van Groenigen, J.W., Hungate, B.A.,
Verheijen, F., 2017. Biochar boosts tropical but not temperate crop yields. Environ.
Res. Lett. 12, 053001. https://doi.org/10.1088/1748-9326/aa67bd.

Jiang, Z., Lian, F., Wang, Z., Xing, B., 2019. The role of biochars in sustainable crop produc-
tion and soil resiliency. J. Exp. Bot. https://doi.org/10.1093/jxb/erz301.

Jin, Y., Liang, X.Q., He, M.M., Liu, Y., Tian, G.M., Shi, J.Y., 2016. Manure biochar influence
upon soil properties, phosphorus distribution and phosphatase activities: a micro-
cosm incubation study. Chemosphere 142, 128–135. https://doi.org/10.1016/j.
chemosphere.2015.07.015.

Laird, D.A., Novak, J.M., Collins, H.P., Ippolito, J.A., Karlen, D.L., Lentz, R.D., Sistani, K.R.,
Spokas, K., Van Pelt, R.S., 2017. Multi-year and multi-location soil quality and crop
biomass yield responses to hardwood fast pyrolysis biochar. Geoderma 289, 46–53.
https://doi.org/10.1016/j.geoderma.2016.11.025.

https://doi.org/10.1016/j.scitotenv.2020.136635
https://doi.org/10.1016/j.scitotenv.2020.136635
https://doi.org/10.1016/j.fcr.2018.07.012
https://doi.org/10.1002/ldr.2829
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0015
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0015
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0015
https://doi.org/10.1111/gcbb.12037
https://doi.org/10.1111/gcbb.12037
https://doi.org/10.1016/j.biortech.2010.07.106
https://doi.org/10.1016/j.biortech.2010.07.106
https://doi.org/10.1016/j.geoderma.2016.07.019
https://doi.org/10.1016/j.geoderma.2016.07.019
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0035
https://doi.org/10.1111/ejss.12388
https://doi.org/10.1111/ejss.12388
https://doi.org/10.1016/j.scitotenv.2016.12.169
https://doi.org/10.1051/agro/2009040
https://doi.org/10.1051/agro/2009040
https://doi.org/10.1007/s13593-016-0372-z
https://doi.org/10.1007/s13593-016-0372-z
https://doi.org/10.1016/s1002-0160(17)60375-8
https://doi.org/10.1016/s1002-0160(17)60375-8
https://doi.org/10.1007/s11368-015-1338-5
https://doi.org/10.1007/s11368-015-1349-2
https://doi.org/10.1093/jxb/err248
https://doi.org/10.1126/science.1182570
https://doi.org/10.1016/j.jenvman.2016.10.041
https://doi.org/10.2307/177062
https://doi.org/10.1016/j.jclepro.2017.05.008
https://doi.org/10.1007/s11368-016-1360-2
https://doi.org/10.1007/s11368-016-1360-2
https://doi.org/10.1097/SS.0b013e3182979eac
https://doi.org/10.1016/j.chemosphere.2015.05.092
https://doi.org/10.1016/j.chemosphere.2015.05.092
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.1088/1748-9326/aa67bd
https://doi.org/10.1093/jxb/erz301
https://doi.org/10.1016/j.chemosphere.2015.07.015
https://doi.org/10.1016/j.chemosphere.2015.07.015
https://doi.org/10.1016/j.geoderma.2016.11.025


11Y. Dai et al. / Science of the Total Environment 713 (2020) 136635
Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J., O'Neill, B., Skjemstad, J.O.,
Thies, J., Luizao, F.J., Petersen, J., Neves, E.G., 2006. Black carbon increases cation ex-
change capacity in soils. Soil Sci. Soc. Am. J. 70, 1719–1730. https://doi.org/10.2136/
sssaj2005.0383.

Liao, S., Pan, B., Li, H., Zhang, D., Xing, B., 2014. Detecting free radicals in biochars and de-
termining their ability to inhibit the germination and growth of corn, wheat and rice
seedlings. Environ. Sci. Technol. 48, 8581–8587. https://doi.org/10.1021/es404250a.

Liu, X., Zhang, A., Ji, C., Joseph, S., Bian, R., Li, L., Pan, G., Paz-Ferreiro, J., 2013. Biochar's ef-
fect on crop productivity and the dependence on experimental conditions-a meta-
analysis of literature data. Plant Soil 373, 583–594. https://doi.org/10.1007/s11104-
013-1806-x.

Liu, B., Cai, Z., Zhang, Y., Liu, G., Luo, X., Zheng, H., 2019. Comparison of efficacies of peanut
shell biochar and biochar-based compost on two leafy vegetable productivity in an
infertile land. Chemosphere 224, 151–161. https://doi.org/10.1016/j.
chemosphere.2019.02.100.

Lone, A.H., Najar, G.R., Ganie, M.A., Sofi, J.A., Ali, T., 2015. Biochar for sustainable soil
health: a review of prospects and concerns. Pedosphere 25, 639–653. https://doi.
org/10.1016/s1002-0160(15)30045-x.

Luo, Y., Hui, D., Zhang, D., 2006. Elevated CO2 stimulates net accumulations of carbon and
nitrogen in land ecosystems: a meta-analysis. Ecology 87, 53–63. https://doi.org/
10.1890/04-1724.

Luo, X., Chen, L., Zheng, H., Chang, J., Wang, H., Wang, Z., Xing, B., 2016a. Biochar addition
reduced net N mineralization of a coastal wetland soil in the Yellow River Delta,
China. Geoderma 282, 120–128. https://doi.org/10.1016/j.geoderma.2016.07.015.

Luo, X., Wang, L., Liu, G., Wang, X., Wang, Z., Zheng, H., 2016b. Effects of biochar on carbon
mineralization of coastal wetland soils in the Yellow River Delta, China. Ecol. Eng. 94,
329–336. https://doi.org/10.1016/j.ecoleng.2016.06.004.

Luo, X., Liu, G., Xia, Y., Chen, L., Jiang, Z., Zheng, H., Wang, Z., 2017. Use of biochar-compost
to improve properties and productivity of the degraded coastal soil in the Yellow
River Delta, China. J. Soils Sediments 17, 780–789. https://doi.org/10.1007/s11368-
016-1361-1.

Moon, D.H., Hwang, I., Chang, Y.Y., Koutsospyros, A., Cheong, K.H., Ji, W.H., Park, J.H., 2017.
Quality improvement of acidic soils by biochar derived from renewablematerials. En-
viron. Sci. Pollut. Res. 24, 4194–4199. https://doi.org/10.1007/s11356-016-8142-7.

Mukherjee, A., Zimmerman, A.R., Harris, W., 2011. Surface chemistry variations among a
series of laboratory-produced biochars. Geoderma 163, 247–255. https://doi.org/
10.1016/j.geoderma.2011.04.021.

Mukherjee, A., Lal, R., Zimmerman, A.R., 2014. Effects of biochar and other amendments
on the physical properties and greenhouse gas emissions of an artificially degraded
soil. Sci. Total Environ. 487, 26–36. https://doi.org/10.1016/j.scitotenv.2014.03.141.

Nguyen, T.T.N., Xu, C., Tahmasbian, I., Che, R., Xu, Z., Zhou, X., Wallace, H.M., Bai, S.H., 2017.
Effects of biochar on soil available inorganic nitrogen: a review and meta-analysis.
Geoderma 288, 79–96. https://doi.org/10.1016/j.geoderma.2016.11.004.

Novak, J.M., Busscher,W.J.,Watts, D.W., Laird, D.A., Ahmedna,M.A., Niandou, M.A.S., 2010.
Short-term CO2 mineralization after additions of biochar and switchgrass to a Typic
Kandiudult. Geoderma 154, 281–288. https://doi.org/10.1016/j.
geoderma.2009.10.014.

Obia, A., Mulder, J., Martinsen, V., Cornelissen, G., Børresen, T., 2016. In situ effects of bio-
char on aggregation, water retention and porosity in light-textured tropical soils. Soil
Tillage Res. 155, 35–44. https://doi.org/10.1016/j.still.2015.08.002.

Odinga, E.S., Waigi, M.G., Gudda, F.O., Wang, J., Yang, B., Hu, X., Li, S., Gao, Y., 2020. Occur-
rence, formation, environmental fate and risks of environmentally persistent free
radicals in biochars. Environ. Int. 134, 105172. https://doi.org/10.1016/j.
envint.2019.105172.
Purakayastha, T.J., Bera, T., Bhaduri, D., Sarkar, B., Mandal, S., Wade, P., Kumari, S., Biswas,
S., Menon, M., Pathak, H., Tsang, D.C.W., 2019. A review on biochar modulated soil
condition improvements and nutrient dynamics concerning crop yields: pathways
to climate change mitigation and global food security. Chemosphere 227, 345–365.
https://doi.org/10.1016/j.chemosphere.2019.03.170.

Roberts, T.L., 2009. The role of fertilizer in growing the world’s food. Better Crops Plant
Food 93, 12–15.

Rosenberg, M.S., Adams, D.C., Gurevitch, J., 2000. MetaWin (Version 2.1). http://www.
metawinsoft.com/.

Sadegh-Zadeh, F., Parichehreh, M., Jalili, B., Bahmanyar, M.A., 2018. Rehabilitation of cal-
careous saline-sodic soil by means of biochars and acidified biochars. Land Degrad.
Dev. 29, 3262–3271. https://doi.org/10.1002/ldr.3079.

Tan, Z., Lin, C.S.K., Ji, X., Rainey, T.J., 2017. Returning biochar to fields: a review. Appl. Soil
Ecol. 116, 1–11. https://doi.org/10.1016/j.apsoil.2017.03.017.

Wang, Z., Zheng, H., Luo, Y., Deng, X., Herbert, S., Xing, B., 2013. Characterization and in-
fluence of biochars on nitrous oxide emission from agricultural soil. Environ. Pollut.
174, 289–296. https://doi.org/10.1016/j.envpol.2012.12.003.

Wang, Z., Zong, H., Zheng, H., Liu, G., Chen, L., Xing, B., 2015. Reduced nitrification and
abundance of ammonia-oxidizing bacteria in acidic soil amended with biochar.
Chemosphere 138, 576–583. https://doi.org/10.1016/j.chemosphere.2015.06.084.

Wang, H., Zheng, H., Jiang, Z., Dai, Y., Liu, G., Chen, L., Luo, X., Liu, M., Wang, Z., 2017a. Ef-
ficacies of biochar and biochar-based amendment on vegetable yield and nitrogen
utilization in four consecutive planting seasons. Sci. Total Environ. 593-594, 124–133.

Wang, Z., Chen, L., Sun, F., Luo, X., Wang, H., Liu, G., Xu, Z., Jiang, Z., Pan, B., Zheng, H.,
2017b. Effects of adding biochar on the properties and nitrogen bioavailability of an
acidic soil. Eur. J. Soil Sci. 68, 559–572. https://doi.org/10.1111/ejss.12436.

Zhai, L., CaiJi, Z., Liu, J., Wang, H., Ren, T., Gai, X., Xi, B., Liu, H., 2014. Short-term effects of
maize residue biochar on phosphorus availability in two soils with different phos-
phorus sorption capacities. Biol. Fertil. Soils 51, 113–122. https://doi.org/10.1007/
s00374-014-0954-3.

Zhang, Y., Wang, X., Liu, B., Liu, Q., Zheng, H., You, X., Sun, K., Luo, X., Li, F., 2020. A com-
parative study of individual and co-application of biochar and wood vinegar on blue-
berry fruit yield and nutritional quality. Chemosphere 246, 125699. https://doi.org/
10.1016/j.chemosphere.2019.125699.

Zhao, L., Cao, X., Masek, O., Zimmerman, A., 2013. Heterogeneity of biochar properties as a
function of feedstock sources and production temperatures. J. Hazard. Mater. 256-
257, 1–9. https://doi.org/10.1016/j.jhazmat.2013.04.015.

Zheng, H., Wang, Z., Deng, X., Herbert, S., Xing, B., 2013a. Impacts of adding biochar on ni-
trogen retention and bioavailability in agricultural soil. Geoderma 206, 32–39.

Zheng, H., Wang, Z., Deng, X., Zhao, J., Luo, Y., Novak, J., Herbert, S., Xing, B., 2013b. Char-
acteristics and nutrient values of biochars produced from giant reed at different tem-
peratures. Bioresour. Technol. 130, 463–471. https://doi.org/10.1016/j.
biortech.2012.12.044.

Zheng, H., Wang, X., Chen, L., Wang, Z., Xia, Y., Zhang, Y., Wang, H., Luo, X., Xing, B., 2018a.
Enhanced growth of halophyte plants in biochar-amended coastal soil: roles of nutri-
ent availability and rhizosphere microbial modulation. Plant Cell Environ. 41,
517–532. https://doi.org/10.1111/pce.12944.

Zheng, H., Wang, X., Luo, X., Wang, Z., Xing, B., 2018b. Biochar-induced negative carbon
mineralization priming effects in a coastal wetland soil: roles of soil aggregation
and microbial modulation. Sci. Total Environ. 610, 951–960. https://doi.org/
10.1016/j.scitotenv.2017.08.166.

https://doi.org/10.2136/sssaj2005.0383
https://doi.org/10.2136/sssaj2005.0383
https://doi.org/10.1021/es404250a
https://doi.org/10.1007/s11104-013-1806-x
https://doi.org/10.1007/s11104-013-1806-x
https://doi.org/10.1016/j.chemosphere.2019.02.100
https://doi.org/10.1016/j.chemosphere.2019.02.100
https://doi.org/10.1016/s1002-0160(15)30045-x
https://doi.org/10.1016/s1002-0160(15)30045-x
https://doi.org/10.1890/04-1724
https://doi.org/10.1890/04-1724
https://doi.org/10.1016/j.geoderma.2016.07.015
https://doi.org/10.1016/j.ecoleng.2016.06.004
https://doi.org/10.1007/s11368-016-1361-1
https://doi.org/10.1007/s11368-016-1361-1
https://doi.org/10.1007/s11356-016-8142-7
https://doi.org/10.1016/j.geoderma.2011.04.021
https://doi.org/10.1016/j.geoderma.2011.04.021
https://doi.org/10.1016/j.scitotenv.2014.03.141
https://doi.org/10.1016/j.geoderma.2016.11.004
https://doi.org/10.1016/j.geoderma.2009.10.014
https://doi.org/10.1016/j.geoderma.2009.10.014
https://doi.org/10.1016/j.still.2015.08.002
https://doi.org/10.1016/j.envint.2019.105172
https://doi.org/10.1016/j.envint.2019.105172
https://doi.org/10.1016/j.chemosphere.2019.03.170
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0225
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0225
http://www.metawinsoft.com/
http://www.metawinsoft.com/
https://doi.org/10.1002/ldr.3079
https://doi.org/10.1016/j.apsoil.2017.03.017
https://doi.org/10.1016/j.envpol.2012.12.003
https://doi.org/10.1016/j.chemosphere.2015.06.084
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0255
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0255
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0255
https://doi.org/10.1111/ejss.12436
https://doi.org/10.1007/s00374-014-0954-3
https://doi.org/10.1007/s00374-014-0954-3
https://doi.org/10.1016/j.chemosphere.2019.125699
https://doi.org/10.1016/j.chemosphere.2019.125699
https://doi.org/10.1016/j.jhazmat.2013.04.015
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0280
http://refhub.elsevier.com/S0048-9697(20)30145-5/rf0280
https://doi.org/10.1016/j.biortech.2012.12.044
https://doi.org/10.1016/j.biortech.2012.12.044
https://doi.org/10.1111/pce.12944
https://doi.org/10.1016/j.scitotenv.2017.08.166
https://doi.org/10.1016/j.scitotenv.2017.08.166

	Combined effects of biochar properties and soil conditions on plant growth: A meta-�analysis
	1. Introduction
	2. Materials and methods
	2.1. Data collection
	2.2. Meta-analysis
	2.3. Data analysis

	3. Results
	3.1. Statistical tests and overall plant productivity response to biochar addition
	3.2. Effect of biochar properties or soil conditions on plant productivity response: a primary meta-analysis
	3.2.1. Biochar properties
	3.2.2. Soil properties

	3.3. Combined effect of biochar property and soil condition on plant productivity
	3.3.1. Combined effect of BC-pH and soil conditions on plant productivity
	3.3.2. Combined effect of BC-CEC and soil conditions on plant productivity
	3.3.3. Combined effect of BC-ash and soil conditions on plant productivity
	3.3.4. Combined effect of BC-SA and soil conditions on plant productivity
	3.3.5. Combined effect of BC-TC and soil conditions on plant productivity
	3.3.6. Combined effect of BC-BD and soil conditions on plant productivity
	3.3.7. Combined effect of BC-TOC and soil conditions on plant productivity
	3.3.8. Combined effect of BC-TN and soil conditions on plant productivity
	3.3.9. Combined effect of BC-C/N and soil conditions on plant productivity


	4. Discussions
	4.1. Comparison between current and previous studies
	4.2. Role of biochar in soil structural property improvements
	4.3. Role of biochar in soil chemical property improvements
	4.4. Roles of biochar in soil nutrient cycle

	5. Conclusions and recommendations
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




