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Abstract
The added value of biochar when applied along with fertilizers, beyond that of the 
fertilizers themselves, has not been summarized. Focusing on direct comparisons 
between biochar additions (≤20 t ha−1) – separately considering the addition or not of 
inorganic fertilizers (IF) and/or organic amendments (OA) along with biochar – and 
two different controls (with and without the addition of IF and/or OA), we carried 
out a meta- analysis to explain short- term (1- year) field responses in crop yield across 
different climates, soils, biochars and management practices worldwide. Compared 
with the non- fertilized control, a 26% (CI: 15%–40%) increase in yield was observed 
with the use of IF only, whereas that of biochar along with IF caused a 48% (CI: 
30%–70%) increase. Compared with the use of IF only, the addition of biochar along 
with IF caused a 15% (CI: 11%–19%) increase in yield, indicating that biochar was 
as effective as fertilizers in increasing crop yields when added in combination. The 
use of biochar alone did not increase crop yield regardless of the control considered. 
Whereas in the short term, liming may have partly contributed to the beneficial effect 
of biochar (>90% was plant- derived) when added along with IF, a separate meta- 
analysis – using those studies that reported crop yields for different years after a sin-
gle biochar application – showed a 31% (CI: 17%–49%) increase in crop yield over 
time (≥ 3 years), which denotes the influence of biochar properties other than liming 
(i.e. an increase in CEC). Our results also suggest that biochar application rates > 10 
t ha−1 do not contribute to greater crop yield (at least in the short term). Data limita-
tions precluded identification of the influence of feedstock, production conditions or 
climatic conditions without bias. As the response of crop yield to biochar addition 
was less a result of climatic zones or soil type than fertilizer use (chiefly N additions), 
the choice of nutrient addition along with biochar should be priorities for future re-
search and development regardless of the region.
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1 |  INTRODUCTION

The future of agriculture faces massive challenges, such as 
the need to (i) produce enough food for the growing global 
population (Foley et  al., 2011; Godfray et  al., 2010), (ii) 
reduce the environmental footprint of agricultural intensi-
fication brought by the ‘green revolution’, which has trans-
gressed planetary boundaries (Campbell et al., 2017; Steffen 
et al., 2015), and (iii) decrease the growing dependency on 
phosphate rock, which is non- renewable (Elser & Bennett, 
2011). Despite the magnitude of the challenges, there are 
opportunities to overcome them by further intensifying ag-
riculture while reducing nutrient imbalances and inefficien-
cies (Mueller et  al., 2012; Withers et  al., 2015). One such 
opportunity is biochar technology, which can contribute to 
the recovery of nutrients from waste yet still increase crop 
yields, while abating climate change (Woolf et al., 2010; 
Woolf et  al., 2016). However, an improved understanding 
of the mechanisms through which biochar influences crop 
yield is still needed so that decision- support tools aimed at 
matching the most suitable biochar for a specific cropping 
system are developed. This will help biochar systems to be-
come attractive to farmers and land managers, who will only 
add biochar to their soils if crop yields increase, and allow 
this technology to be better positioned to compete with other 
climate change mitigation strategies that use biomass, such as 
bioenergy systems, bioenergy with carbon capture and stor-
age (Woolf et al., 2016, 2018).

Multiple benefits of biochar application to soil under 
cropping systems include provision of nutrients (Camps-
Arbestain et al., 2015; Wang et al., 2012a) and improvement 
in soil properties and conditions, such as water- holding ca-
pacity (Herath et al., 2013; Novak et al., 2012), cation ex-
change capacity (CEC) (Glaser et al., 2002) and pH (Singh et 
al., 2017). The benefits that are associated with the ash frac-
tion of biochar, such as the direct provision of nutrients and 
liming potential, are short- lived, whereas those imparted by 
the biochar structure (i.e. water- holding capacity, CEC) are 
long- lasting (Woolf et al., 2018). Meta- analysis studies have 
estimated average yield increases by a grand mean of 10% 
(Jeffery et al., 2011), 11% (Liu et al., 2013), 17% (Jeffery 
et al., 2015) and 9% (Jeffery et al., 2017). Yield responses 
have been found to be relatively larger in low- pH and coarse- 
textured soils, and with the application of nutrient- rich bio-
chars (Biederman and Harpole, 2013; Jeffery et  al., 2011; 
Liu et al., 2013), or in soils with small CEC and low levels of 
organic carbon (OC) content (Crane-Droesch et al., 2013), 
particularly in the tropics (Jeffery et  al., 2017). Data vari-
ability in some of these studies is generally large, and the 
extent to which this is related to manageable variability or to 
uncertainty is unclear. One important explainable cause of 
variation is the use of inorganic or organic nutrient additions 
together with biochar. In previous meta- analysis studies, the 

application of biochar was the only difference between con-
trols and treatments (Jeffery et  al., 2011, 2017; Liu et  al., 
2013), and thus, these studies included a variety of control 
treatments, regardless of whether the controls received fer-
tilizers or not. Furthermore, the earlier studies did not sep-
arately compare biochar alone with a ‘business- as- usual’ 
fertilized control. The possibility of separately considering 
the types of amendment received in both the treatment and 
the control should allow us to discern the added value of 
biochar on crop yield when applied along with ‘business- as- 
usual’ fertilizers.

In this study, we have investigated biochar effects on crop 
yield by separately comparing against (a) a control without 
inorganic fertilizer (IF) and/or organic amendment (OA), and 
(b) a control with either IF and/or OA. In the second com-
parison, biochar treatments were identical to the control but 
for the application of biochar, with the only exception being 
when a comparison was made between biochar application 
alone and the fertilized control. Also, a third comparison was 
carried out between the two controls so that the specific ef-
fect size of adding only fertilizer (IF and/or OA) to the in-
vestigated soils could be evaluated. We only used data from 
field studies that had received a biochar application of ≤ 20 
t ha−1, so that results can be readily extrapolated for biochar 
applications to common field situations.

2 |  MATERIALS AND METHODS

2.1 | Data collection
We collected data from relevant peer- reviewed publications. 
The publications were identified using the online databases 
– ISI Web of Science and Google Scholar between 1998 
and 2017. Publications were identified using the key words 
‘biochar’ or ‘charcoal’ AND ‘field trial’ AND ‘crop yield’ 
OR ‘crop productivity’ OR ‘plant growth’. In the main meta- 
analysis, only biochar application rates ≤ 20 t ha−1 and crop 
yields within the first year of biochar application were con-
sidered. Separate meta- analyses were carried out for studies 
that included (i) application rates up to 40 t ha−1, and (ii) 
multiple years of observations in relation to crop yield after 
biochar application. We selected studies that reported crop 
yield, biochar properties and soil properties for at least two 
types of treatments: (a) those that did not receive any bio-
char, inorganic fertilizer (IF) or organic amendments (OA), 
referred to as ‘non- fertilized control’; OR (b) those where 
only either IF, OA or both IF and OA were applied, referred 
to as ‘fertilized control’; AND (c) where biochar with or 
without supplemental IF and/or OA was used, referred to as 
the ‘treatment’, and identified as either biochar, biochar+IF, 
biochar+OA or biochar+IF+OA, as appropriate. When com-
paring the biochar treatments with the ‘fertilized control’, 
(i) biochar and biochar+IF treatments were compared with 
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IF only (control), (ii) biochar+OA treatment was compared 
with OA only (control), and (iii) biochar+IF+OA treatment 
was compared with IF+OA only (control).

Altogether, more than 100 studies were reviewed, and 
we selected 56 studies (Abiven et al., 2015; Agegnehu et al., 
2016a,b; Agegnehu et al., 2015; Arif et al., 2017; Asai et al., 
2009; Backer et al., 2016; Baronti et al., 2010; Bian et al., 2014; 
Blackwell et al., 2010; Cornelissen et al., 2013; Cui et al., 2017; 
Faloye et al., 2017; Gaskin et al., 2010; Gautam et al., 2017;  
Griffin et al., 2017; Güereña et al., 2013; Haider et al., 2017; 
Hammond et al., 2013; Horák et al., 2017; Islami et al., 2011; 
Kimetu et al., 2008; Koga et al., 2017; Li et al., 2017; Li et al., 
2015; Liu et al., 2016; Liu et al., 2012; Liu et al., 2014a,b;  
Major et al., 2010; Martinsen et  al., 2014; Masto et al., 
2013; Mekuria et al., 2014; Mierzwa-Hersztek et al., 2016; 
Mierzwa-Hersztek et al., 2017; Nelissen et al., 2015; Paneque 
et al., 2016; Si et  al., 2018; Slavich et  al., 2013; Solaiman  
et al., 2010; Steiner et  al., 2008; Suddick & Six, 2013; 
Sukartono et al., 2011; Tammeorg et  al., 2014a,b; Vaccari 
et al., 2015; Van Zwieten et al., 2015; Vitkova et al., 2017; 
Watanabe et  al., 2014; Xiang et al., 2015; Yeboah et  al., 
2017; Zhang et al., 2010, 2013, 2016; Zhang et al., 2012a,b), 
which met our criteria described above (studies included in 
the meta- analysis are marked with an asterisk in the cited 
literature). The selected studies represented a range of geo-
graphical and environmental characteristics (64 experimental 
locations in 24 different countries; Figure S1), and we used 
264 observations in the meta- analysis.

We extracted meta- data from each of the selected pub-
lications, including climatic, temporal (i.e. year of ob-
servation), soil chemical, physical and biological data, 
measurement units, treatments and analytical methods. 
The specific data included in the meta- analysis were as 
follows: crop productivity (grain yield for cereal crops, 
aboveground biomass, fruit yield and tuber or bulb yield), 
climatic conditions, soil properties (soil classification, soil 
texture, initial soil pH, OC and CEC), biochar production 
conditions (type of feedstock and highest heating tempera-
ture (HHT) used for pyrolysis), biochar application rates, 
type of treatment (i.e. addition of biochar with or without 
IF and/or OA), and nitrogen (N) application rates addi-
tional to biochar application. Where data were available 
in a graphic form only, the values were extracted using 
Plot Digitizer 2.6.2 (Huwaldt & Steinhorst, 2012). The 
categorical variables (crops, climate, texture, soil order, 
initial soil pH, initial OC, initial CEC, type of feedstock, 
biochar pH, biochar application rate, other amendments 
added along with biochar, N application rate additional 
to biochar application) were then grouped into different 
categories, which are described in Table 1 along with a de-
scription on how data were harmonized. For example, soil 
pH values were converted to pH measured in water using 

a 1:2.5 (wt:v) ratio following van Lierop (1981), Conyers 
and Davey (1988), and Kabala et al. (2016). Values of CEC 
were used as provided by the authors given that methods 
used for CEC measurements were not always reported. 
When reported, 1  N ammonium acetate at pH 7 was the 
method most commonly used (Table S1).

2.2 | Meta- data analysis
Statistical analyses and graphical representation were per-
formed according to Hedges et al. (1999) and Cayuela et al. 
(2014) using Meta Win 2.0 software (Rosenberg et al., 2000). 
This meta- analysis was conducted to characterize the crop 
yield response to biochar application by comparing the treat-
ments to either the ‘unfertilized control’ or the ‘fertilized 
control’. We used natural log- transformed response ratio (R) 
as a measure of the effect size:

where XE is the mean value of treatment and XC is the 
mean value of control (either of the two controls consid-
ered). Mean effect sizes of each category and the 95% 
confidence intervals (CIs) were generated by bootstrap-
ping (999 iterations) using MetaWin 2.0 Statistical soft-
ware (Rosenberg et  al., 2000). When the two controls 
were available for the same observation, we also ran the 
MetaWin2.0 software considering XE the mean value of 
the ‘fertilized control’ and XC the mean value of the ‘non- 
fertilized control’.

A non- parametric function, based on the sample size (the 
number of replications), was used for weighting (Adams et 
al., 1997). We chose this function instead of the variance be-
cause many studies did not report a measure of variance for 
crop yield. The sample- size weight function used here was 
as follows:

where NE is the number of replicates of the experimen-
tal observation and NC is the number of replicates of the 
control observation (either of the two controls considered) 
within the same experimental conditions (i.e. study). A 
categorical random effects model was used to calculate 
the grouped effect sizes. The pooled variance of the yield 
was  ≤  0, for which MetaWin 2.0 software automatically 
switched from a categorical random model to a categorical 
fixed model.

Graphically, the change in yield is shown as a pro-
portion of the control (the effect size was exponentially 

ln R= ln
(

XE

XC

)

Weight=
NE×NC

NE+NC
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T A B L E   1  Categorical variables tested and their grouping

Variable Grouping Notes

Crops Maize

Rice

Wheat, barley, oat

Mixed vegetables Tomato, broccoli, lettuce, spinach, chilly, amaranth

Rapeseed, sunflower

Legumes Beans, peas, peanuts

Tuber, bulb or root crops Potato, beetroot, radish, cassava, garlic, carrot

Climate Tropical or subtropical Obtained following the Köppen climate classification system

Mediterranean

Continental or humid- temperate

Savannah

Soil texture Sandy Sand, loamy sand, sandy loam

Loam Sandy clay loam, loam, clay loam, silty clay loam

Clay Clay, sandy clay, silty clay

Soil order Entisol or Inceptisol Soil Taxonomy (Soil Survey Staff, 2014), except for Paddy soils

Alfisol or Cambisol

Ultisol or Oxisol

Paddy soil

Initial soil 
pH

≤6.5 Soil pH measured in DI water (1:1, 1:2.5, 1:5, 1:10), CaCl2 (1:2, 1:2.5, 1:5), and KCl 
(1:2, 1:2.5, 1:5) were converted to soil:water = 1:2.5 following Conyers & Davey 
(1988), van Lierop (1981) and Kabala et al. (2016).

The initial soil pH ranged from 4.6 to 8.4.

>6.5

Initial SOC ≤ 20 g kg−1 When total C was reported in acidic soil, the values were considered as organic C.
Initial soil organic C ranged from 3.9−32 g kg−1

> 20 g kg−1

Initial soil 
CEC

≤100 mmolc kg−1 Initial soil CEC ranged from 16−312 mmolc kg−1

100−200 mmolc kg−1

>200 mmolc kg−1

Feedstock Animal and human wastes Cattle feedlot manure, cattle dung, poultry litter, farm yard manure, sewage sludge

Cereals and other grasses residues Maize cobs, rice husk, miscanthus, straw

Ligneous materials Coniferous and deciduous wood residues, walnut shell, peanut hull, coconut shell, bam-
boo, cassava stem, greenwaste

Papermill residue

Pyrolysis 
highest 
heating 
tempera-
ture (HHT)

≤400°C Biochars produced using traditional kiln were allocated in the group of 550–700°C 
(http://www.fao.org/docre p/X5328 E/x5328 e07.htm). HHT classes have been estab-
lished based on the changes in the chemical structure of biochar as HHT increases 
(these are described in Keiluweit et al., 2010)

400–550°C

550–700°C

>700°C

Biochar pH ≤ 9

>9

Biochar 
application 
rate

≤5 t ha−1 yr−1

5−10 t ha−1 yr−1

10−20 t ha−1 yr−1

(Continues)

http://www.fao.org/docrep/X5328E/x5328e07.htm
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transformed, and then, R−1 was calculated and multiplied 
by 100 to obtain the percentage change). The relative 
changes in crop yield within each category were consid-
ered to be significant from one another if their CIs did not 
overlap. The overall mean of the crop yield changes (ei-
ther for each category or for the whole observation) was 
considered to be significantly different from the controls 
(either of the controls considered), if the 95% CI did not 
overlap with zero (Scheiner & Gurevitch, 2001). When the 
size of groups was n < 10, these were dropped from the 
analysis. The dataset used to generate different graphs are 
reported in the Tables S2–S6.

3 |  RESULTS

3.1 | Effect of biochar on the grand mean
The results showed a significant grand mean increase in 
yield of 28.7% (bootstrap CI 95%: 19.0–40.5%, n = 150) 
with biochar application (with and without IF and/or OA) 
as compared with the ‘non- fertilized control’ (Figure  1). 
The grand mean increase in crop yield of the ‘fertilized 
control’ when compared with the ‘non- fertilized control’ 
was 29.8% (bootstrap CI 95%: 18.9–42.7; n = 118) (Figure 
S2). The change in yield with biochar application (with 
and without IF and/or OA) relative to the ‘fertilized con-
trol’ (see Materials and methods for details on compared 
treatments) was expectedly smaller, but still significant 
(p < 0.05), with a grand mean increase of 9.9% (bootstrap 
CI 95%: 5.3–14.4%, n = 232) (Figure 2). The variables that 
had the greatest influence on crop yield were related to bio-
char properties, initial soil properties and biochar applica-
tion conditions (i.e. the simultaneous addition of IF along 
with biochar, the amount of N fertilizer added) (Figures 1 
and 2). With few exceptions, other categorical variables 
(climate, biochar application rate) had a generally smaller 
contribution to the variance.

3.2 | Effect of biochar properties
The type of biochar feedstock significantly contributed to 
the variation on yield responses, with the biochars produced 
from cereal residues causing the largest mean yield increase. 
This was 90.4% (bootstrap CI 95%: 48.9–135.5%, n = 33) 
compared with the ‘non- fertilized control’ (Figure 1), and 
23.7% (bootstrap CI 95%: 15.9–32.7%, n = 75) when com-
pared with the ‘fertilized control’ (Figure 2). Biochars from 
animal and human wastes also increased crop yield, with a 
mean effect size of 11.2% (bootstrap CI 7.4–15.6%, n = 13) 
as compared with the ‘fertilized control’ (n was < 10 in the 
comparison with the other control). The other two types of 
feedstock tested, papermill residue and ligneous material, 
had a non- significant effect size, except for the ligneous 
material when compared with the ‘non- fertilized control’ 
(Figures 1 and 2).

The HHT also had a significant influence on the yield ef-
fect size, with biochars produced ≤ 400°C causing a mean 
increase of 97.4% (bootstrap CI 95%: 39.1–161.6%, n = 21) 
(Figure 1) and 26.5% (bootstrap CI 95%: 10.8–40.6%, n = 49) 
(Figure 2) as compared with the ‘non- fertilized’ and ‘fertil-
ized’ controls, respectively. The corresponding effect sizes 
of the biochars pyrolysed at temperatures ranging from 400 
to 550°C were ca. three times smaller. Biochars produced at 
temperatures > 550°C caused an even smaller effect in yield 
than the biochars produced at 400 to 550°C (<18 and < 3%, 
compared with the ‘non- fertilized’ and ‘fertilized’ controls, 
respectively; Figures 1 and 2), which were not significantly 
different to the ‘fertilized control’.

3.3 | Effect of initial soil properties
Soils with sandy texture had the greatest crop yield re-
sponse to biochar addition (with and without fertilizer) with 
a mean yield increase of 108.4% (bootstrap CI 95%: 42.8–
183.7%, n = 17) compared with the ‘non- fertilized control’ 

Variable Grouping Notes

N applica-
tion rate

0 kg ha−1 yr−1

≤100 kg ha−1 yr−1

100−200 kg ha−1 yr−1

>200 kg ha−1 yr−1

Treatments Biochar

Biochar + IF

Biochar + OA

Biochar + IF + OA

T A B L E   1  (Continued)



   | 7YE Et al.

(Figure 1); this response was significantly greater than that 
in loamy textured soils. The greatest response to the use of 
fertilizer only was in sandy soils, with a mean increase in 
yield of 102.7% (bootstrap CI 95%: 60.0–152.6; n  =  17) 
(Figure S2). However, no significant differences were ob-
served between the textural classes when the yield response 

of the biochar treatment was compared with the ‘fertilized 
control’ (Figure 2).

The application of biochar (with and without fertilizer) to 
small CEC (< 100 mmolc kg−1) soils resulted in the greatest 
increase in crop yield as compared with the ‘non- fertilized 
control’ with a mean effect size of 160.9% (bootstrap CI 95%: 

F I G U R E   1  Proportional changes in 
crop yield caused by biochar additions (with 
and without the use of inorganic fertilizer 
(IF) and/or organic amendment (OA)) for 
each level of the individual categories over 
the ‘non- fertilized control’. The red dotted 
line represents the overall mean change 
in crop yield among all studies combined. 
The numbers in parentheses show the 
number of pairwise comparisons on which 
the statistic is based. The right number 
within parenthesis for the mean effect size 
is the number of independent publications 
from which the data are drawn. The data 
used to generate this figure are provided in 
Table S2 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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85.1–245.1%, n = 12) (Figure 1). There were no significant 
effects of biochar application (with and without fertilizer) in 
soils with CEC  >  200 mmolc kg−1 (Figure  1). Small CEC 
soils were also those that had the greatest response to the use 
of fertilizer only, with a mean increase in yield of 111.3% 
(bootstrap CI 95%: 58.7–173.1; n = 11) (Figure S2). The use 
of fertilizer only resulted in no positive effect on yield in soils 

with CEC > 100 mmolc kg−1(Figure S2). Neither were sig-
nificant differences in yield response observed between CEC 
classes when compared with the ‘fertilized control’ either 
(Figure 2).

Small initial soil OC concentrations (OC  ≤  20  g  kg−1) 
were associated with a larger response in crop yield to bio-
char addition (with and without fertilizer), with a mean effect 

F I G U R E   2  Proportional changes in 
crop yield caused by biochar additions (with 
and without the use of inorganic fertilizer 
and/or organic amendment) for each level of 
the individual categories over the ‘fertilized 
control’. The red dotted line represents the 
overall mean change in crop yield among 
all studies combined. The numbers in 
parentheses show the number of pairwise 
comparisons on which the statistic is 
based. The right number within parenthesis 
for the mean effect size is the number of 
independent publications from which the 
data are drawn. The data used to generate 
this figure are provided in Table S3 [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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size of 34.3% (bootstrap CI 95%: 21.8–30.3%; n = 128) and 
of 11.5% (bootstrap CI 95%: 6.0–16.6%; n = 184) compared 
with the ‘non- fertilized’ and ‘fertilized’ controls, respectively 
(Figures 1 and 2). However, the differences in yield response 
between OC rates (OC ≤ 20 vs. > 20 g kg−1) were only sig-
nificant in comparison with the ‘non- fertilized control’.

The influence of initial soil pH on the yield effect size 
was greater when the soil pH was ≤ 6.5 than in soils with pH 
values > 6.5 (Figures 1 and 2). Yet no significant differences 
between pH groups (pH ≤ 6.5 vs. > 6.5) were detected. We 
carried out a more detailed meta- analysis, after grouping bio-
char pH values (≤ 9 vs. >9) and then evaluated their effect 
depending on the initial soil pH values (either ≤ or > 6.5) 
(Figure 3). Crops grown on soils with pH ≤ 6.5 always had a 
positive yield response to biochar addition, regardless of the 
biochar pH value. In contrast, no positive effect size was ob-
served compared with the ‘fertilized control’ when biochars 
with a pH > 9 were added to soils with initial pH values > 6.5 
(Figure 3). When considering the influence of the use of fer-
tilizer only (without biochar) on the effect size of crop yield, 
no significant differences between soil pH classes were de-
tected (Figure S2).

3.4 | Effect of pedoclimatic conditions
In comparison with the ‘non- fertilized control’, the ad-
dition of biochar (with and without fertilizer) to rela-
tively young (Entisols+Inceptisols) and highly weathered 
(Ultisols+Oxisols) soils produced larger effects on yield than 
biochar applications to other soil types (Alfisols +Cambisols, 
Paddy soils), with an increase of 75.1% (bootstrap CI 95%: 
29.1–143.0%, n = 23) and 46.6% (bootstrap CI 95%: 26.2–
71.3%, n = 37), respectively. However, the differences be-
tween soil types were significant only between relatively 
young soils (Entisols + Inceptisols) and the group of Paddy 
soils (Figure 1). In fact, crops on Paddy soils were the only 
ones that did not respond to the addition of fertilizer alone 
(Figure S2). Relative to the ‘fertilized control’, no clear influ-
ence of soil order was observed (Figure 2).

Crops growing under tropical and subtropical climates 
showed greater responses in yield than those under other cli-
mates, with a mean effect size of 40.6% (bootstrap CI 95%: 
20.7–64.7, n = 72) and 14.8% (bootstrap CI 95%: 7.2–21.8, 
n = 127) compared with ‘non- fertilized’ and ‘fertilized’ con-
trols, respectively (Figures 1 and 2). However, this climatic 

F I G U R E   3  Proportional changes in 
crop yield caused by biochar additions (with 
and without the use of inorganic fertilizer 
and/or organic amendment) over the control 
(a: ‘non- fertilized’; b: ‘fertilized’) for soils 
with different initial soil pH values and 
application of biochar with different pH 
values. The red dotted lines represent the 
overall mean change in crop yield among 
all studies combined. The numbers in 
parentheses show the number of pairwise 
comparisons on which the statistic is based. 
The data used to generate this figure are 
provided in Table S4 [Colour figure can be 
viewed at wileyonlinelibrary.com] –20 0 20 40 60 80 100
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group was only significantly different from the continental 
+ humid- temperate climates when compared with the ‘fer-
tilized control’ (mean effect size of 0.2%; bootstrap CI 95%: 
−3.1 to 3.8, n  =  51). Crops grown under Mediterranean- 
type climate had a mean effect size of 23.3 and 2.3% when 
compared with the ‘non- fertilized’ and the ‘fertilized’ con-
trol, respectively (Figures 1 and 2), with the differences in 
yield responses not being significant from the other climatic 
groups considered.

3.5 | Responses of crop types
When compared with the ‘non- fertilized control’, maize 
showed the greatest response to biochar addition (with and 
without fertilizer) with a significant mean increase of 95.5% 
(bootstrap CI 95%: 48.7%–151.8%, n  =  30), followed by 
wheat, barley or oat (mean: 29.2% bootstrap CI 95%: 16.8%–
46.6%, n = 49), whereas there was no significant increase in 
yield of rice and rapeseed or sunflower (Figure 1). A similar 
order in the response of crop types (maize > wheat or bar-
ley or oat >rice) was observed when evaluating the effect 
of fertilizer use alone (Figure S2). In comparison with the 
‘fertilized control’, legume crops had the greatest response 
with a significant mean increase of 27.2% (bootstrap CI 
95%: 8.7%–49.5%, n = 17), but this response was only sig-
nificantly different from the wheat, barley or oat crop group 
(Figure 2). There was no effect size in the growth of these 

cereals to biochar addition as compared with the ‘fertilized 
control’.

3.6 | Effect of application rates and 
simultaneous addition of other amendments
In the main meta- analysis, only application rates  ≤  20 t 
ha−1 (applied in year 1) were considered. Significant dif-
ferences between the 5–10 and 10–20 t ha−1 groups were 
only observed when compared with the ‘fertilized control’ 
(Figure 2), with their mean effect sizes being 18.5% (boot-
strap CI 95%:11.2%–26.0%, n = 84) and 0.9% (bootstrap CI 
95%: −8.9 to 10.4%, n  =  67), respectively. No significant 
differences were observed between categories in comparison 
with the ‘non- fertilized control’ (Figure 1). Larger applica-
tion rates (> 20 t ha−1) of biochar were considered in a sepa-
rate meta- analysis, where application rates  ≤  20 and  >  20 
t ha−1 were compared by including only those studies that 
tested both high and low rates (Figure 4). No significant dif-
ferences between application rate classes were detected by 
this analysis.

When only IF was used (no biochar addition), mean in-
crease in crop yield was 26.3% (bootstrap CI 95%: 14.9–
39.7%, n = 106) compared with the ‘non- fertilized control’ 
(Table S7). When biochar was added without the simultane-
ous use of IF, there was no significant effect size on crop 
yield in comparison with either of the controls considered 

F I G U R E   4  Proportional changes in crop yield caused by biochar additions (with and without the use of inorganic fertilizer and/or organic 
amendment) at different rates over the control (a: ‘non- fertilized’; b: ‘fertilized’). Studies that included biochar application rates > 20 t ha−1 
and ≤ 20 t ha−1 were considered separately. The red dotted lines represent the overall mean change in crop yield among all studies combined. The 
numbers in parentheses show the number of pairwise comparisons on which the statistic is based. The right number within parenthesis for the mean 
effect size is the number of independent publications from which the data are drawn. The data used to generate this figure are provided in Table S5
[Colour figure can be viewed at wileyonlinelibrary.com]
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(Figures 1 and 2). In contrast, the addition of biochar + IF 
had a significant mean effect size of 47.5% (bootstrap CI 
95%: 29.6%–70.3%, n = 78) and of 14.5 (bootstrap CI 95%: 
10.5%–19.1%; n  =  167) when compared with the ‘non- 
fertilized’ and ‘fertilized’ controls, respectively (Figures  1 
and 2). The application of N fertilizer along with biochar had 
a substantial effect on crop yield, with N application rates 
between 100 and 200 kg ha−1 yr−1 producing the largest mean 
effect sizes when compared with the ‘non- fertilized control’ 
(mean effect size of 145.2%; bootstrap CI 95%: 91.0%–
209.1%, n = 20). In comparison with the ‘fertilized control’, 
N application rates ≤ 200 kg ha−1 yr−1 resulted in the largest 
mean effect sizes (13.8 and 13.4% for the ≤ 100 and 100–
200 kg ha−1 yr−1 groups, respectively) (Figures 1 and 2).

3.7 | Changes in crop yield effect sizes 
over time
Those studies (22) that reported crop yields for different 
years after biochar application (only a single application 
was taken into account) were used to investigate whether 
the crop effect size changed over time (Figure 5). Over the 
study period considered (with a maximum of 4  years), the 
addition of biochar (with and without fertilizer) produced a 

significant mean increase in crop yield of 55.2% (bootstrap 
CI 95%: 33.4%–80.0%, n  =  68) compared with the ‘non- 
fertilized control’. The largest mean increase in crop yield 
with biochar application was observed in the second year 
(mean = 105.0%;bootstrap CI 95%: 59.2%–177.3%, n = 27), 
followed by the first year (mean = 48.1%; bootstrap CI 95%: 
20.5%–81.6%, n = 20), both being significantly greater than 
the ‘non- fertilized control’ (Figure  5a). No effect on crop 
yield was observed three years after biochar application.

When compared with the ‘fertilized control’, the addition 
of biochar (with or without fertilizer) did not result in a sig-
nificant mean increase in crop yield (7.2%; bootstrap CI 95%: 
−0.8% to 15.2%, n = 170) over the period considered. In con-
trast to the ‘non- fertilized control’, a significant effect on crop 
yield compared with the ‘fertilized control’ was only observed 
after three years of biochar application (mean = 30.5%; boot-
strap CI 95%: 16.6%–48.5%, n = 44) (Figure 5b).

4 |  DISCUSSION

4.1 | Effect of biochar on the grand mean
In this meta- analysis, the use of two different controls (‘non- 
fertilized’ vs. ‘fertilized’) along with the comparison between 

F I G U R E   5  Proportional changes in crop yield caused by biochar additions (with and without the use of inorganic fertilizer and/or organic 
amendment) at different time intervals since the start of the experiment over the control (a: ‘non- fertilized’; b: ‘fertilized’). Only those studies that 
included crop yield data for several years after a single application of biochar were considered. The red dotted lines represent the overall mean 
change in crop yield among all studies combined. The numbers in parentheses show the number of pairwise comparisons on which the statistic is 
based. The right number within parenthesis for the mean effect size is the number of independent publications from which the data are drawn. The 
data used to generate this figure are provided in Table S6 [Colour figure can be viewed at wileyonlinelibrary.com]

–50 0 50 100 150 200

Non-fertilized control

Change in yield (%)

Change in yield (%)

–50 0 50 100 150 200

Mean effect size
(69/6)

Year 3+ (22)

Year 2 (27)

Year 1 (20)

Mean effect size
(170/22)

Year 3+ (44)

Year 2 (67)

Year 1 (59)

Fertilized control

(a)

(b)

www.wileyonlinelibrary.com


12 |   YE Et al.

the two controls and the carefully selected categorical vari-
ables allowed us to explain the variability in crop yield re-
sponses from biochar application to soil. In comparison with 
the ‘non- fertilized control’ (grand mean: 29%), basically all 
confidence intervals appear on the positive side (Figure 1), 
which implies that biochar addition to soil generally produced 
positive effects on crop yields. However, biochar would not 
be expected to fully replace IF and/or OA (Camps- Arbestain 
et al., 2015; Jeffery et al., 2015), as made evident when com-
pared with the ‘fertilized control’. The grand mean obtained 
when comparing the biochar- treated soils with the ‘fertilized 
control’ (10%; CI 95%: 5%–14%; n = 232) was similar to the 
grand means reported in previous meta- analyses, except for 
one study: 10% (CI 95%: 7%–13%; n = 782) (Jeffery et al., 
2011), 11% (CI 95%: 9%–12%; n = 880) (Liu et al., 2013), 
17% (CI 95%: 15%–19%) (Jeffery et al., 2015) and 9% (CI 
95%: 7%–11%; n = 1125) (Jeffery et al., 2017).

4.2 | Effect of biochar properties
Apparently, the most distinct effect of biochar properties on 
crop yields was caused by pyrolysis temperature, with bio-
chars produced at ≤ 400°C causing the greatest increase in 
crop yield. Biochars in this category were mostly produced 
from cereal residues (50% of observations) and ligneous ma-
terial (32% of observations), and thus made of a ‘structural’ 
type of feedstock with little fertilizer value (Jeffery et  al., 
2017) and a small to intermediate liming value (Singh et al., 
2017), in contrast with animal and human wastes. At first 
glance, low- temperature biochars made from cereal residues 
increased crop yield by 50% (bootstrap CI 95%: 34.9%–67.7%, 
n = 25) whereas those produced from ligneous material did 
not increase yields (mean:−12.7%; bootstrap CI 95%: −36.3 
to 12.9; n = 16). However, after further analyses, this was 
proven to be an artefact caused by several masking effects, as 
described below. Biochars produced at HTT > 550°C were 
dominated by ligneous material (87%), and therefore, the re-
sults of HHT and type of feedstock at higher temperatures 
were masked by an unbalanced dataset. To overcome this 
limitation, we compared the effect size of biochars produced 
from cereal feedstocks only when pyrolysed at three different 
HHT (≤ 400°C, 400–550°C, > 550°C). We found that the 
mean value progressively decreased as the HHT increased, 
with a mean effect size on yield of 50%, 8% and –9%, respec-
tively, for the three HHTs. However, all studies in which bio-
chars were produced from cereal residues at ≤ 400°C were 
carried out in soils with pH ≤ 6.5, whereas 32% and 67% of 
the soils treated with biochars produced from cereal residues 
at HHT of 400–550°C and > 550°C, respectively, had initial 
pH values > 6.5. Therefore, the biochar effect of HHT and 
feedstock type on crop yield based on the currently avail-
able global biochar dataset should not be interpreted until 
more balanced data are available or the data can be stratified 

appropriately. The biochars produced from animal and human 
wastes also showed a positive effect on crop yield, which is 
consistent with previous meta- analyses (Jeffery et al., 2017; 
Liu et al., 2013) and their nutrient values (Camps- Arbestain 
et al., 2015). However, a more in- depth analysis of these bio-
chars was hampered by the small dataset available, and the 
effects of biochar properties should be interpreted with great 
caution.

4.3 | Effect of initial soil properties
The remarkable positive response of crop yield to biochar 
addition in sandy soils or soils with a small CEC (>100% 
yield effect size), and in soils with little OC, when com-
pared with the ‘non- fertilized control’ was expected, given 
the plant constraints under low- nutrient (i.e. non- fertilized) 
conditions of the control. However, it should be noted that 
56% of the observations considered in the comparison with 
the ‘non- fertilized control’ included the use of fertilizer in 
addition to that of biochar. Thus, the benefits could not solely 
be attributed to the effect of biochar, especially considering 
that the addition of fertilizer only to sandy soils or soils with 
a small CEC also caused yield effect sizes > 100%. The lack 
of any clear trend in crop yield response to biochar addition 
with respect to soil texture, CEC or OC when compared with 
‘business- as- usual conditions’ (i.e. ‘fertilized control’) could 
be explained by the fact that beneficial effects of biochar in 
soil beyond direct nutrient supply or liming become more 
evident over time.

The fact that soils with initial pH values ≤ 6.5 tended 
to show greater yield increases than those with initial pH 
values > 6.5 is consistent with the liming value of biochar, 
which can contribute to improve the availability of plant 
nutrients (e.g. P) and reduce aluminium toxicity (Bolan et 
al., 2001; Poschenrieder et al., 2008). Yet differences be-
tween the two groups of soils (pH  ≤  6.5 vs. > 6.5) only 
became significant when rice crops were excluded from the 
meta- analysis (Figures S3 and S4; Tables S7 and S8). The 
pH values of reduced soils (i.e. Paddy soils) should tend to-
wards neutrality (Bohn et al., 2002), which was not the case 
in > 90% of the observations considered. When the pH was 
reported, it was measured after air- drying the soil, which 
should have caused a lower pH reading than the true pH 
under field conditions, which explains why the effects of 
biochar on soil pH are more evident after excluding Paddy 
soils from the meta- analysis. It should be noted that a large 
fraction of the biochars considered in this study were made 
from plant residues (> 90%) as opposed to animal or human 
wastes, and thus, their beneficial effects (liming and nutri-
ent supply) may not be long- lasting and generally limited. 
The fact that applying a high- pH biochar to a high- pH soil 
rendered a negative yield effect size could be explained by 
the fact that increasing the pH of neutral or alkaline soils 
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might decrease the availability of some nutrients (i.e. P, 
Mn, Zn) (Cornforth, 1998).

4.4 | Effect of pedoclimatic conditions
Larger positive response of crops growing under tropical and 
subtropical climate than those growing under continental and 
temperate climates (mean values: 14.8 vs. 1.4% when com-
pared with the ‘fertilized control’, respectively) is consistent 
with the published literature (Jeffery et al., 2017). It should 
be noted, though, that in continental-  and temperate- type 
climates, the dominant feedstock used was woody material 
(76% of the observations) whereas in areas under tropical 
and subtropical climates this dropped to 46% (and to 34% 
after eliminating rice paddies). So again, an unbalanced data-
set could have contributed to these differences, and thus, the 
influence of climate should be interpreted with care. The ef-
fect size under tropical and subtropical climates reported by 
Jeffery et al. (2017) was 25% when both pot and field stud-
ies were included, but only 12% excluding pot studies. Other 
differences between the two studies include (i) discrepancies 
in the controls considered, (ii) the conditions forced in this 
study (i.e. biochar application rates ≤ 20 t ha−1), and (iii) the 
fact that here climate was classified according to Köppen, 
whereas in Jeffery et al. (2017) climate was based on latitude 
(≤ 35 degree latitude vs. >35 degree latitude) – yet when 
considering the latitude criteria in our study, the yield effect 
in the tropics was 13% (data not shown). Furthermore, in our 
study, other factors, such as biochar properties, soil proper-
ties and simultaneous addition of fertilizer, were found to be 
as relevant as, or more relevant, than climate. The overall 
larger effect of biochar amendments on crop yield observed 
under tropical and subtropical conditions than under conti-
nental and temperate climate is consistent with the (i) a prev-
alence of more weathered soils in the latter (yet this might 
not be that relevant given the results obtained when grouping 
based on soil orders; Figures 1 and 2), and (ii) geo- economic 
circumstances, with soils under continental-  and temperate- 
type climates having historically received large application 
of fertilizers (Sattari et al., 2012; Schoumans et al., 2015), 
thus being closer to their maximum potential (Mueller et al., 
2012), as already alluded to by Jeffery et al. (2017).

4.5 | Effect of crop types
The generally small response of rice crops to biochar amend-
ments is consistent with the results obtained by Liu et  al. 
(2013), who reported a greater crop response for dryland 
crops (10.6% on average) than for paddy rice (5.6% on aver-
age). It is possible that common structural benefits provided 
by biochar to soils (i.e. increase in water retention) were not 
relevant under flooded conditions. Also, as mentioned above, 
pH of reduced soils tends towards neutrality (Bohn et  al., 

2002), and thus, addition of a liming material, such as most 
of the biochars considered here, might not provide benefits 
to this crop. Yet in this study, rice crops were less respon-
sive to the use of fertilizer only, and thus, it is possible that 
the sites considered were close to their potential rice yield. 
Maize had a generally larger response than other dryland 
cereals (wheat, barley, oat), especially when compared with 
the ‘non- fertilized control’; however, the differences could 
be related to geographic locations as most studies on maize 
were carried out in the tropical and subtropical regions, 
whereas those of wheat, barley and oat were predominantly 
under Mediterranean or continental and temperate climates. 
Information on crop yield for legumes, mixed vegetables (to-
mato, broccoli, lettuce, spinach, chilly), and tubers and bulbs 
was available for the comparison with the fertilizer control. 
All tended to increase in the presence of biochar, particularly 
in the case of legumes, which is consistent with the literature 
(Liu et al., 2013; Oram et al., 2014). Oram et al. (2014) found 
that biochar increased the competitive ability of red clover 
against grass and plantain through an increase in K availabil-
ity. In addition, biochar may specifically enhance biological 
N2 fixation in legumes (Güereña et al., 2015; Rondon et al., 
2007) and therefore promote growth based on a greater array 
of mechanisms than crops that do not fix atmospheric N2, 
which will also reduce the challenge of crop N deficiency 
that may be induced by biochar on the short term due to N 
immobilization in soil (Lehmann et al., 2003).

4.6 | Effect of application rates and 
simultaneous addition of other amendments
This meta- analysis showed that the addition of biochar alone 
rendered no effect size on yield regardless of the control 
used, although its mean effect size when compared with non- 
amended soils averaged 7% (bootstrap CI 95%: −0.8 to 15.7%, 
n = 62). When compared with the ‘non- fertilized control’, the 
provision of balanced fertilizer addition with inorganic fer-
tilizers (without biochar) rendered a greater yield effect size 
than adding biochar without balancing for nutrients (26%; 
bootstrap CI: 15%–40%; n = 108). Since biochar does not act 
as an N fertilizer and biochar type and application rates are 
usually not adjusted to meet crop nutrient needs, this is not a 
surprising result. Notably, in this same comparison with the 
‘non- fertilized control’, when biochar was added along with 
IF, benefits on crop yield increased to 48% (bootstrap CI 95%: 
30–70%, n = 78), thus rendering a 22% greater increase in 
yield than the addition of fertilizer alone, yet this difference 
was not significant. The supplementary benefits provided by 
biochar when applied along with IF were especially evident 
in the comparison with the ‘fertilized control’, which resulted 
in a greater crop yield (an average of 14.5%; bootstrap CI: 
95%: 11%–19%, n = 167) (Table S2) than just IF. Therefore, 
the overall effect of biochar addition (when supplied with IF) 



14 |   YE Et al.

was ≥ 15%, which is in the same order of magnitude as the 
increase of adding just IF to soils. In both comparisons on the 
effect of biochar (with and without fertilizer) on crop yield 
with the two controls considered, a large fraction of the soils 
had a soil pH ≤ 6.5. This suggests that this increase may be 
to some extent related to the liming value of biochar in acidic 
soils (12% increase for pH values ≤ 6.5 compared with the 
‘fertilized control’), yet other benefits (i.e. increased effi-
ciency of fertilizers, better synchronization of nutrient supply, 
enhanced soil water retention) cannot be disregarded.

When compared with the ‘non- fertilized control’, the 
meta- analysis also indicated that, for the crops to yield at 
their optimum potential, N application rates  >  100  kg N 
ha−1 were needed (consistent with other meta- analysis where 
the long- term effect of OA or IF was investigated; Chen et 
al., 2018). Besides, it should be kept in mind that (i) N in 
biochar is largely unavailable (Wang et al., 2012b) as it is 
mostly present as heterocyclic aromatic N (Knicker, 2010), 
and (ii) the easily mineralizable fraction of organic C in bio-
char may cause an initial net N immobilization (Bruun et al., 
2012; Wang et al., 2012b). Thus, the addition of some form of 
available N (either organic or inorganic N) along with biochar 
is recommended.

In general, the application rate of biochar did not have 
any clear effect on crop yield (Figure 4), whereas application 
at 5–10 t ha−1 rendered greater yields than those applied at 
10–20 t ha−1 when compared with the ‘fertilized control’. Liu 
et al. (2013), in their meta- analysis, found that crop produc-
tivity tended to decrease with increasing biochar application 
rates, this decrease being significant at application rates > 40 
t ha−1. Contrastingly, Biederman & Harpole (2013) observed 
no relationship between the amount of biochar added and 
crop yield in their meta- analysis study. Our main dataset only 
considered the crop yield during the first year of biochar ap-
plication, and it may be possible the benefits observed in the 
short term were mostly related to the liming effect of biochar 
in the soil. Considering an average liming value of 5% CaCO3- 
equivalence for a cereal biochar (i.e. wheat straw) (Singh et al., 
2017), even an application rate of ca. 10 t ha−1 biochar, equiv-
alent to 500 kg of pure CaCO3, could be sufficient to overcome 
crop acidity stress in the short term. Therefore, the benefits of 
biochar application rates above this value might not be appar-
ent. Other agronomic benefits, such as an enhanced resilience 
of cropping systems against extreme situations (e.g. drought 
events), might only be evident in specific years for which 
longer- term field studies would be needed.

4.7 | Changes in crop effect sizes over time
These comparisons done in a separate meta- analysis included 
only studies that contained crop yield data over multiple 
years after a single application of biochar. The meta- analysis 
rendered opposing results depending on the type of control 

considered, which was, in the first instance, unexpected. Yet 
the small number of studies included in the comparison with 
the ‘non- fertilizer control’ limits the interpretation of the 
results. In this comparison, the attenuation of crop yield in-
creases after the second year could be explained by an initial 
dominant effect of biochar associated with its liming poten-
tial and direct additions of nutrients contained in the biochar, 
with these effects decreasing over time, similar to lime or 
fertilizer additions (Havlin et al., 1999). In contrast, the in-
crease in crop yields relative to the control observed after the 
second year when both the treatment and the control were 
fertilized may be explained by the fact that nutrients are re-
tained over time either because of a cumulative effect (Major 
et al., 2012) or because oxidation takes time to increase cat-
ion retention (Cheng et al., 2008). Other meta- analyses have 
shown either the persistence of benefits for at least two years 
after the amendment (Liu et al., 2013) or even increases over 
time (7.0 and 12.3% relative increases in crop yields in the 
second and fourth season, respectively; Crane- Droesch et al., 
2013), but did not distinguish between fertilized and unferti-
lized fields. A high uncertainty remains about the long- term 
(>4 years) response of specific soil–crop systems to biochar 
amendments due to the lack of long- term data.

5 |  CONCLUSIONS

The possibility of separately considering the types of amend-
ment received in both the treatment and the control allowed 
us to discern the additional crop yield effect from biochar ap-
plication when applied along with ‘business- as- usual’ ferti-
lizers. Based on this dataset, in which the short- term effect 
(1 year) of biochar applications ≤ 20 t ha−1 on crop yield was 
considered, we have found that if the soil received both bio-
char and inorganic fertilizer, the contribution of biochar to the 
yield increase beyond that of the addition of fertilizer was, on 
average, ≥ 15%. Part of this increase could be attributed to the 
short- term liming value of biochar (> 90% were derived from 
plant residues), especially considering that there was a bias in 
the results due to the predominance of low- pH soil in the data-
set considered (71% of the observations had a soil pH ≤ 6.5), 
yet other benefits cannot be disregarded (i.e. in soils with 
small CEC, small OC content, and sandy texture). In fact, the 
31% increase in crop yield observed over time (≥ 3 years) in 
a separate meta- analysis implies that biochar properties other 
than just its liming value are also playing a role (i.e. an in-
crease in CEC). In relation to the choice of biochar additions, 
our results suggest that (i) biochars with a large liming value 
should not be applied to high- pH soils, and (ii) biochar ap-
plication rates > 10 t ha−1 do not contribute to greater crop 
yield (at least in the short term). Data limitations currently 
preclude identification of feedstock, production conditions 
or climatic conditions without bias. As the response of crop 
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yield to biochar addition was less a result of climatic zones or 
soil type than fertilizer use, chiefly N additions, the choice of 
nutrient addition with biochar should be priorities for future 
research and development regardless of the region.

ACKNOWLEDGEMENTS

The authors are thankful to B. Li, R.J. Bian, Z.Q. Xiong, G.X. 
Pan, D.E. Griffin, Z.M. Solaiman, P. Tammeorg, Z.C. Sun, J. 
Vitková, E. Kondrlová, L.H. Wu, L.L. Si, L. van Zwieten, V. 
Martinsen, W. X. Ding, E. Masto, Z. Solaiman and S. Jeffery 
for providing data. The authors are very grateful to Mariluz 
Cayuela for her advice with Metawin. L. Ye is grateful to the 
Guilin University of Technology for the financial support as 
a visiting scholar at Massey University. The authors would 
also like to thank the reviewers for their valuable suggestions.

REFERENCES

*Abiven, S., Hund, A., Martinsen, V., & Cornelissen, G. (2015). Biochar 
amendment increases maize root surface areas and branching: A 
shovelomics study in Zambia. Plant and Soil, 395, 45–55.

Adams, D. C., Gurevitch, J., & Rosenberg, M. S. (1997). Resampling 
tests for meta- analysis of ecological data. Ecology, 78, 1277–1283.

*Agegnehu, G., Bass, A. M., Nelson, P. N., & Bird, M. I. (2016a). 
Benefits of biochar, compost and biochar- compost for soil quality, 
maize yield and greenhouse gas emissions in a tropical agricultural 
soil. Science of the Total Environment, 543, 295–306.

*Agegnehu, G., Nelson, P. N., & Bird, M. I. (2016b). Crop yield, plant 
nutrient uptake and soil physicochemical properties under organic 
soil amendments and nitrogen fertilization on Nitisols. Soil and 
Tillage Research, 160, 1–13.

*Agegnehu, G., Bass, A. M., Nelson, P. N., Muirhead, B., Wright, G., 
& Bird, M. I. (2015). Biochar and biochar- compost as soil amend-
ments: Effects on peanut yield, soil properties and greenhouse gas 
emissions in tropical North Queensland, Australia. Agriculture, 
Ecosystems and Environment, 213, 72–85.

*Arif, M., Ilyas, M., Riaz, M., Ali, K., Shah, K., Ul Haq, I., & Fahad, 
S. (2017). Biochar improves phosphorus use efficiency of organic- 
inorganic fertilizers, maize- wheat productivity and soil quality in a 
low fertility alkaline soil. Field Crops Research, 214, 25–37.

*Asai, H., Samson, B. K., Stephan, H. M., Songyikhangsuthor, K., Homma, 
K., Kiyono, Y., … Horie, T. (2009). Biochar amendment techniques for 
upland rice production in Northern Laos: 1. Soil physical properties, 
leaf SPAD and grain yield. Field Crops Research, 111, 81–84.

*Backer, R. G. M., Schwinghamer, T. D., Whalen, J. K., Seguin, P., 
& Smith, D. L. (2016). Crop yield and SOC responses to biochar 
application were dependent on soil texture and crop type in southern 
Quebec, Canada. Journal of Plant Nutrition and Soil Science, 179, 
399–408.

*Baronti, S., Alberti, G., Vedove, G. D., di Gennaro, F., Fellet, G., 
Genesio, L., … Vaccari, F. P. (2010). The biochar option to improve 
plant yields: First results from some field and pot experiments in 
Italy. Italian Journal of Agronomy, 5, 3–11.

*Bian, R., Joseph, S., Cui, L., Pan, G., Li, L., Liu, X., … Donne, S. (2014). 
A three- year experiment confirms continuous immobilization of 

cadmium and lead in contaminated paddy field with biochar amend-
ment. Journal of Hazardous Materials, 272, 121–128.

Biederman, L. A., & Harpole, W. S. (2013). Biochar and its effects on 
plant productivity and nutrient cycling: A meta- analysis. Global 
Change Biology Bioenergy, 5, 202–214.

*Blackwell, P., Krull, E., Butler, G., Herbert, A., & Solaiman, Z. (2010). 
Effect of banded biochar on dryland wheat production and fertiliser 
use in south- western Australia: An agronomic and economic per-
spective. Australian Journal of Soil Research, 48, 531–545.

Bohn, H. L., Myer, R. A., & O'Connor, G. A. (2002). Soil chemistry. 
New York, NY: John Wiley & Sons.

Bolan, N. S., Adriano, D. C., & Curtin, D. (2001). Soil acidification and 
liming interactions with nutrientand heavy metal transformation and 
bioavailability. Advances in Agronomy, 78, 215–272.

Bruun, E. W., Ambus, P., Egsgaard, H., & Hauggaard-Nielsen, H. 
(2012). Effects of slow and fast pyrolysis biochar on soil C and N 
turnover dynamics. Soil Biology and Biochemistry, 46, 73–79.

Campbell, B. M., Beare, D. J., Bennett, E. M., Hall-Spencer, J. M., 
Ingram, J. S., Jaramillo, F., Ortiz, R., Ramankutty, N., Sayer, J. A., 
& Shindell, D. (2017). Agriculture production as a major driver 
of the Earth system exceeding planetary boundaries. Ecology and 
Society, 22(4). https://www.ecologyandsociety.org/vol22/iss4/
art8/

Camps-Arbestain, M., Amonette, J. E., Singh, B., Wang, T., & Schmidt, 
H. P. (2015). In J. Lehmann, & J. Joseph (Eds.), Biochar environ-
mental management. Science and technology and implementation, 
2nd edn (pp. 165–193). London, UK: Earthscan.

Cayuela, M. L., Van Zwieten, L., Singh, B. P., Jeffery, S., Roig, A., & 
Sánchez-Monedero, M. A. (2014). Biochar's role in mitigating soil 
nitrous oxide emissions: A review and meta- analysis. Agriculture, 
Ecosystems and Environment, 191, 5–16.

Chen, Y., Camps-Arbestain, M., Shen, Q., Singh, B., & Cayuela, M. L. 
(2018). The long- term role of organic amendments in building soil 
nutrient fertility: A meta- analysis and review. Nutrient Cycling in 
Agroecosystems, 111, 103–125.

Cheng, C.-H., Lehmann, J., & Engelhard, M. H. (2008). Natural oxida-
tion of black carbon in soils: Changes in molecular form and surface 
charge along a climosequence. Geochimica et Cosmochimica Acta, 
72, 1598–1610.

Conyers, M. K., & Davey, B. G. (1988). Observations on some routine 
methods for soil pH determination. Soil Science, 145, 29–36.

*Cornelissen, G., Martinsen, V., Shitumbanuma, V., Alling, V., 
Breedveld, G., Rutherford, D., … Mulder, J. (2013). Biochar Effect 
on Maize Yield and Soil Characteristics in Five Conservation 
Farming Sites in Zambia. Agronomy, 3, 256–274.

Cornforth, I. S. (1998). Practical soil management. Canterbury, New 
Zealand: Lincoln University Press with Whitireia Publishing and 
Daphne Brasell Associates.

Crane-Droesch, A., Abiven, S., Jeffery, S., & Torn, M. S. (2013). 
Heterogeneous global crop yield response to biochar: A meta- 
regression analysis. Environmental Research Letters, 8, 044049.

*Cui, Y. F., Meng, J., Wang, Q. X., Zhang, W. M., Cheng, X. Y., & 
Chen, W. F. (2017). Effects of straw and biochar addition on soil ni-
trogen, carbon, and super rice yield in cold waterlogged paddy soils 
of North China. Journal of Integrative Agriculture, 16, 1064–1074.

Elser, J., & Bennett, E. (2011). Phosphorus cycle: A broken biogeo-
chemical cycle. Nature, 478, 29.

*Faloye, O. T., Alatise, M. O., Ajayi, A. E., & Ewulo, B. S. (2017). 
Synergistic effects of biochar and inorganic fertiliser on maize (zea 

https://www.ecologyandsociety.org/vol22/iss4/art8/
https://www.ecologyandsociety.org/vol22/iss4/art8/


16 |   YE Et al.

mays) yield in an alfisol under drip irrigation. Soil and Tillage 
Research, 174, 214–220.

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, 
J. S., Johnston, M., … West, P. C. (2011). Solutions for a cultivated 
planet. Nature, 478, 337.

*Gaskin, J. W., Speir, R. A., Harris, K., Das, K. C., Lee, R. D., Morris, 
L. A., & Fisher, D. S. (2010). Effect of peanut hull and pine chip 
biochar on soil nutrients, corn nutrient status, and yield. Agronomy 
Journal, 102, 623–633.

*Gautam, D. K., Bajracharya, R. M., & Sitaula, B. K. (2017). Effects 
of biochar and farm yard manure on soil properties and crop growth 
in an agroforestry system in the Himalaya. Sustainable Agriculture 
Research, 6, 74.

Glaser, B., Lehmann, J., & Zech, W. (2002). Ameliorating physical and 
chemical properties of highly weathered soils in the tropics with 
charcoal -  A review. Biology and Fertility of Soils, 35, 219–230.

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, 
D., Muir, J. F., … Toulmin, C. (2010). Food security: The challenge 
of feeding 9 billion people. Science, 327, 812–818.

*Griffin, D. E., Wang, D., Parikh, S. J., & Scow, K. M. (2017). Short- 
lived effects of walnut shell biochar on soils and crop yields in a long- 
term field experiment. Agriculture, Ecosystems and Environment, 
236, 21–29.

*Güereña, D., Lehmann, J., Hanley, K., Enders, A., Hyland, C., & Riha, 
S. (2013). Nitrogen dynamics following field application of biochar 
in a temperate North American maize- based production system. 
Plant and Soil, 365, 239–254.

*Güereña, D. T., Lehmann, J., Thies, J. E., Enders, A., Karanja, N., & 
Neufeldt, H. (2015). Partitioning the contributions of biochar prop-
erties to enhanced biological nitrogen fixation in common bean 
(Phaseolus vulgaris). Biology and Fertility of Soils, 51, 479–491.

*Haider, G., Steffens, D., Moser, G., Müller, C., & Kammann, C. I. 
(2017). Biochar reduced nitrate leaching and improved soil mois-
ture content without yield improvements in a four- year field study. 
Agriculture, Ecosystems and Environment, 237, 80–94.

*Hammond, J., Shackley, S., Prendergast-Miller, M., Cook, J., Buckingham, 
S., & Pappa, V. A. (2013). Biochar field testing in the UK: Outcomes 
and implications for use. Carbon Management, 4, 159–170.

Havlin, J. L., Beaton, J. D., & Tisdale, S. L. N. (1999). Soil fertility and 
fertilizers: An introduction to nutrient management (pp. 406–425). 
London: Prentice-Hall, Inc.

Hedges, L. V., Gurevitch, J., & Curtis, P. S. (1999). The meta- analysis 
of response ratios in experimental ecology. Ecology, 80, 1150–1156.

Herath, H. M. S. K., Camps-Arbestain, M., & Hedley, M. (2013). Effect 
of biochar on soil physical properties in two contrasting soils: An 
Alfisol and an Andisol. Geoderma, 209–210, 188–197.

*Horák, J., Kondrlová, E., Igaz, D., Šimanský, V., Felber, R., Lukac, 
M., … Jankowski, M. (2017). Biochar and biochar with N- fertilizer 
affect soil N2O emission in Haplic Luvisol. Biologia (Poland), 72, 
995–1001.

Huwaldt, J. A., & Steinhorst, S. (2012). Plot Digitizer 2.6. 2.
*Islami, T., Guritno, B., Basuki, N., & Suryanto, A. (2011). Biochar for 

sustaining productivity of cassava based cropping systems in the de-
graded lands of East Java, Indonesia. Journal of Tropical Agriculture, 
49, 40–46.

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. Environmental Research Letters, 12, 
053001.

Jeffery, S., Abalos, D., Spokas, K. A., & Verheijen, F. G. A. (2015). In J. 
Lehmann, & S. Joseph (Eds.), Biochar environmental management. 
Science and technology and implementation, 2nd ed. (pp. 301–325). 
London, UK: Earthscan.

Jeffery, S., Verheijen, F. G. A., van der Velde, M., & Bastos, A. C. 
(2011). A quantitative review of the effects of biochar applica-
tion to soils on crop productivity using meta- analysis. Agriculture, 
Ecosystems and Environment, 144, 175–187.

Kabala, C., Musztyfaga, E., Galka, B., Labunska, D., & Manczynska, 
P. (2016). Conversion of soil pH 1: 2.5 KCl and 1: 2.5 H2O to 1: 5 
H2O: Conclusions for soil management, environmental monitoring, 
and international soil databases. Polish Journal of Environmental 
Studies, 25, 647–653.

Keiluweit, M., Nico, P. S., Johnson, M. G., & Kleber, M. (2010). 
Dynamic molecular structure of plant biomass- derived black carbon 
(biochar). Environmental Science and Technology., 44, 1247–1253.

*Kimetu, J. M., Lehmann, J., Ngoze, S. O., Mugendi, D. N., Kinyangi, J. 
M., Riha, S., … Pell, A. N. (2008). Reversibility of soil productivity 
decline with organic matter of differing quality along a degradation 
gradient. Ecosystems, 11, 726–739.

Knicker, H. (2010). “Black nitrogen”–an important fraction in deter-
mining the recalcitrance of charcoal. Organic Geochemistry, 41, 
947–950.

*Koga, N., Shimoda, S., & Iwata, Y. (2017). Biochar Impacts on Crop 
Productivity and Greenhouse Gas Emissions from an Andosol. 
Journal of Environment Quality, 46, 27–35.

Lehmann, J., da Silva, J. P., Steiner, C., Nehls, T., Zech, W., & Glaser, 
B. (2003). Nutrient availability and leaching in an archaeological 
Anthrosol and a Ferralsol of the Central Amazon basin: Fertilizer, 
manure and charcoal amendments. Plant and Soil, 249, 343–357.

*Li, B., Bi, Z., & Xiong, Z. (2017). Dynamic responses of nitrous oxide 
emission and nitrogen use efficiency to nitrogen and biochar amend-
ment in an intensified vegetable field in southeastern China. Global 
Change BiologyBioenergy, 9, 400–413.

*Li, B., Fan, C. H., Zhang, H., Chen, Z. Z., Sun, L. Y., & Xiong, Z. 
Q. (2015). Combined effects of nitrogen fertilization and biochar 
on the net global warming potential, greenhouse gas intensity and 
net ecosystem economic budget in intensive vegetable agriculture in 
southeastern China. Atmospheric Environment, 100, 10–19.

van Lierop, W. (1981). Conversion of organic soil pH values measured 
in water, 0.01  M CaCl2 or 1  N KCl. Canadian Journal of Soil 
Science, 61, 577–579.

*Liu, Z., Chen, X., Jing, Y., Li, Q., Zhang, J., & Huang, Q. (2014a). 
Effects of biochar amendment on rapeseed and sweet potato yields 
and water stable aggregate in upland red soil. Catena, 123, 45–51.

*Liu, X., Ye, Y., Liu, Y., Zhang, A., Zhang, X., Li, L., … Zheng, J. 
(2014b). Sustainable biochar effects for low carbon crop production: 
A 5- crop season field experiment on a low fertility soil from Central 
China. Agricultural Systems, 129, 22–29.

*Liu, Y., Lu, H., Yang, S., & Wang, Y. (2016). Impacts of biochar addi-
tion on rice yield and soil properties in a cold waterlogged paddy for 
two crop seasons. Field Crops Research, 191, 161–167.

*Liu, X. Y., Qu, J. J., Li, L. Q., Zhang, A. F., Jufeng, Z., Zheng, J. 
W., & Pan, G. X. (2012). Can biochar amendment be an ecologi-
cal engineering technology to depress N2O emission in rice pad-
dies?- A cross site field experiment from South China. Ecological 
Engineering, 42, 168–173.

Liu, X., Zhang, A., Ji, C., Joseph, S., Bian, R., Li, L., … Paz-Ferreiro, 
J. (2013). Biochar's effect on crop productivity and the dependence 



   | 17YE Et al.

on experimental conditions- a meta- analysis of literature data. Plant 
and Soil, 373, 583–594.

*Major, J., Rondon, M., Molina, D., Riha, S., & Lehmann, J. (2010). 
Maize yield and nutrition during 4 years after biochar application to 
a Colombian savanna Oxisol. Plant and Soil, 333, 117–128.

Major, J., Rondon, M., Molina, D., Riha, S. J., & Lehmann, J. (2012). 
Nutrient leaching in a Colombian savanna Oxisol amended with bio-
char. Journal of Environmental Quality, 41, 1076–1086.

*Martinsen, V., Mulder, J., Shitumbanuma, V., Sparrevik, M., Børresen, 
T., & Cornelissen, G. (2014). Farmer- led maize biochar trials: Effect 
on crop yield and soil nutrients under conservation farming. Journal 
of Plant Nutrition and Soil Science, 177, 681–695.

*Masto, R. E., Ansari, M. A., George, J., Selvi, V. A., & Ram, L. C. 
(2013). Co- application of biochar and lignite fly ash on soil nutri-
ents and biological parameters at different crop growth stages of Zea 
mays. Ecological Engineering, 58, 314–322.

*Mekuria, W., Noble, A., Sengtaheuanghoung, O., Hoanh, C. T., 
Bossio, D., Sipaseuth, N., … Langan, S. (2014). Organic and clay- 
based soil amendments increase maize yield, total nutrient uptake, 
and soil properties in Lao PDR. Agroecology and Sustainable Food 
Systems, 38, 936–961.

*Mierzwa-Hersztek, M., Gondek, K., & Baran, A. (2016). Effect of 
poultry litter biochar on soil enzymatic activity, ecotoxicity and 
plant growth. Applied Soil Ecology, 105, 144–150.

*Mierzwa-Hersztek, M., Gondek, K., Klimkowicz-Pawlas, A., & 
Baran, A. (2017). Effect of wheat and Miscanthus straw biochars 
on soil enzymatic activity, ecotoxicity, and plant yield. International 
Agrophysics, 31, 367–375.

Mueller, N. D., Gerber, J. S., Johnston, M., Ray, D. K., Ramankutty, N., 
& Foley, J. A. (2012). Closing yield gaps through nutrient and water 
management. Nature, 490, 254.

*Nelissen, V., Ruysschaert, G., Manka'Abusi, D., D'Hose, T., De Beuf, 
K., Al-Barri, B., Cornelis, W., & Boeckx, P. (2015). Impact of a 
woody biochar on properties of a sandy loam soil and spring barley 
during a two- year field experiment. European Journal of Agronomy, 
62, 65–78.

Novak, J. M., Busscher, W. J., Watts, D. W., Amonette, J. E., Ippolito, 
J. A., Lima, I. M., … Schomberg, H. (2012). Biochars impact on 
soil- moisture storage in an Ultisol and two Aridisols. Soil Science, 
177, 310–320.

Oram, N. J., van de Voorde, T. F. J., Ouwehand, G.-J., Bezemer, T. 
M., Mommer, L., Jeffery, S., & Van Groenigen, J. W. (2014). Soil 
amendment with biochar increases the competitive ability of le-
gumes via increased potassium availability. Agriculture, Ecosystems 
& Environment, 191, 92–98.

*Paneque, M., De la Rosa, J. M., Franco-Navarro, J. D., Colmenero-
Flores, J. M., & Knicker, H. (2016). Effect of biochar amendment 
on morphology, productivity and water relations of sunflower plants 
under non- irrigation conditions. Catena, 147, 280–287.

Poschenrieder, C., Gunsé, B., Corrales, I., & Barceló, J. (2008). A 
glance into aluminum toxicity and resistance in plants. Science of 
the Total Environment, 400, 356–368.

Rondon, M. A., Lehmann, J., Ramírez, J., & Hurtado, M. (2007). 
Biological nitrogen fixation by common beans (Phaseolus vulgaris 
L.) increases with bio- char additions. Biology and Fertility of Soils, 
43, 699–708.

Rosenberg, M. S., Adams, D. C., & Gurevitch, J. (2000). MetaWin: 
Statistical software for meta-analysis. Sunderland, Massachusetts, 
US: Sinauer Associates Inc.

Sattari, S. Z., Bouwman, A. F., Giller, K. E., & van Ittersum, M. K. 
(2012). Residual soil phosphorus as the missing piece in the global 
phosphorus crisis puzzle. Proceedings of the National Academy of 
Sciences, 109, 6348–6353.

Scheiner, S. M., & Gurevitch, J. (2001). Design and analysis of eco-
logical experiments, 2nd ed. Oxford, UK: Oxford University Press.

Schoumans, O. F., Bouraoui, F., Kabbe, C., Oenema, O., & van Dijk, K. 
C. (2015). Phosphorus management in Europe in a changing world. 
Ambio, 44, 180–192.

*Si, L., Xie, Y., Ma, Q., & Wu, L. (2018). The short- term effects of rice 
straw biochar, nitrogen and phosphorus fertilizer on rice yield and 
soil properties in a cold waterlogged paddy field. Sustainability, 10, 
537.

Singh, B., Dolk, M. M., Shen, Q., & Camps-Arbestain, M. (2017). In 
B. Singh, M. Camps-Arbestain, & L. Lehmann (Eds.), Biochar: 
A guide to analytical methods (pp. 23–38). Clayton South, Vic, 
Australia: CSIRO Publishing

*Slavich, P. G., Sinclair, K., Morris, S. G., Kimber, S. W. L., Downie, 
A., & Van Zwieten, L. (2013). Contrasting effects of manure and 
green waste biochars on the properties of an acidic ferralsol and 
productivity of a subtropical pasture. Plant and Soil, 366, 213–227.

Soil Survey Staff (2014). Keys to soil taxonomy, 12th ed., Washington, 
DC: USDA-Natural Resources Conservation Service

*Solaiman, Z. M., Blackwell, P., Abbott, L. K., & Storer, P. (2010). 
Direct and residual effect of biochar application on mycorrhizal root 
colonisation, growth and nutrition of wheat. Australian Journal of 
Soil Research, 48, 546–554.

Steffen, W., Richardson, K., Rockström, J., Cornell, S. E., Fetzer, I., 
Bennett, E. M., … De Wit, C. A. (2015). Planetary boundaries: 
Guiding human development on a changing planet. Science, 347, 
1259855.

*Steiner, C., Glaser, B., Teixeira, W. G., Lehmann, J., Blum, W. E. 
H., & Zech, W. (2008). Nitrogen retention and plant uptake on a 
highly weathered central Amazonian Ferralsol amended with com-
post and charcoal. Journal of Plant Nutrition and Soil Science, 171, 
893–899.

*Suddick, E. C., & Six, J. (2013). An estimation of annual nitrous 
oxide emissions and soil quality following the amendment of high 
temperature walnut shell biochar and compost to a small scale 
vegetable crop rotation. Science of the Total Environment, 465, 
298–307.

*Sukartono, S., Utomo, W. H., Kusuma, Z., & Nugroho, W. H. (2011). 
Soil fertility status, nutrient uptake, and maize (Zea mays L.) yield 
following biochar and cattle manure application on sandy soils of 
Lombok, Indonesia. Journal of Tropical Agriculture, 49, 47–52.

*Tammeorg, P., Simojoki, A., Mäkelä, P., Stoddard, F. L., Alakukku, 
L., & Helenius, J. (2014a). Biochar application to a fertile sandy 
clay loam in boreal conditions: Effects on soil properties and yield 
formation of wheat, turnip rape and faba bean. Plant and Soil, 374, 
89–107.

*Tammeorg, P., Simojoki, A., Mäkelä, P., Stoddard, F. L., Alakukku, 
L., & Helenius, J. (2014b). Short- term effects of biochar on soil 
properties and wheat yield formation with meat bone meal and inor-
ganic fertiliser on a boreal loamy sand. Agriculture, Ecosystems and 
Environment, 191, 108–116.

*Vaccari, F. P., Maienza, A., Miglietta, F., Baronti, S., Di Lonardo, 
S., Giagnoni, L., … Genesio, L. (2015). Biochar stimulates plant 
growth but not fruit yield of processing tomato in a fertile soil. 
Agriculture, Ecosystems and Environment, 207, 163–170.



18 |   YE Et al.

*Van Zwieten, L., Rose, T., Herridge, D., Kimber, S., Rust, J., Cowie, 
A., & Morris, S. (2015). Enhanced biological N2 fixation and yield 
of faba bean (Vicia faba L.) in an acid soil following biochar addi-
tion: Dissection of causal mechanisms. Plant and Soil, 395, 7–20.

*Vitkova, J., Surda, P., Kondrlova, E., Horak, J., & Rodny, M. (2017). 
Analysis of soil water content and crop yield after biochar applica-
tion in field conditions. Plant, Soil and Environment, 63, 569–573.

Wang, T., Camps Arbestain, M., Hedley, M., & Bishop, P. (2012b). 
Chemical and bioassay characterisation of nitrogen availability 
in biochar produced from dairy manure and biosolids. Organic 
Geochemistry, 51, 45–54.

Wang, T., Camps-Arbestain, M., Hedley, M., & Bishop, P. (2012a). 
Predicting phosphorus bioavailability from high- ash biochars. Plant 
and Soil, 357, 173–187.

*Watanabe, A., Ikeya, K., Kanazaki, N., Makabe, S., Sugiura, Y., & 
Shibata, A. (2014). Five crop seasons’ records of greenhouse gas 
fluxes from upland fields with repetitive applications of biochar 
and cattle manure. Journal of Environmental Management, 144, 
168–175.

Withers, P. J. A., van Dijk, K. C., Neset, T.-S. S., Nesme, T., Oenema, O., 
Rubæk, G. H., … Pellerin, S. (2015). Stewardship to tackle global 
phosphorus inefficiency: The case of Europe. Ambio, 44, 193–206.

Woolf, D., Amonette, J. E., Street-Perrott, F. A., Lehmann, J., & Joseph, 
S. (2010). Sustainable biochar to mitigate global climate change. 
Nature Communications, 1, 56.

Woolf, D., Lehmann, J., Cowie, A., Cayuela, M. L., Whitman, T., & 
Sohi, S. (2018). Biochar for climate change mitigation: Navigating 
from science to evidence-based policy. In R. Lal, & B. A. Stewart 
(Eds.), Soil and climate (pp. 219–248). London, UK: CRC Press.

Woolf, D., Lehmann, J., & Lee, D. R. (2016). Optimal bioenergy power 
generation for climate change mitigation with or without carbon se-
questration. Nature Communications, 7, 1–11.

*Xiang, J., Liu, D., Ding, W., Yuan, J., & Lin, Y. (2015). Effects of 
biochar on nitrous oxide and nitric oxide emissions from paddy field 
during the wheat growth season. Journal of Cleaner Production, 
104, 52–58.

*Yeboah, S., Zhang, R., Cai, L., Li, L., Xie, J., Luo, Z., … Antille, D. 
L. (2017). Soil water content and photosynthetic capacity of spring 
wheat as affected by soil application of nitrogen- enriched biochar in 
a semiarid environment. Photosynthetica, 55, 532–542.

*Zhang, A., Bian, R., Hussain, Q., Li, L., Pan, G., Zheng, J., … Zheng, 
J. (2013). Change in net global warming potential of a rice- wheat 
cropping system with biochar soil amendment in a rice paddy from 
China. Agriculture, Ecosystems and Environment, 173, 37–45.

*Zhang, A., Bian, R., Pan, G., Cui, L., Hussain, Q., Li, L., … Yu, X. 
(2012a). Effects of biochar amendment on soil quality, crop yield 
and greenhouse gas emission in a Chinese rice paddy: A field study 
of 2 consecutive rice growing cycles. Field Crops Research, 127, 
153–160.

*Zhang, A., Liu, Y., Pan, G., Hussain, Q., Li, L., Zheng, J., & Zhang, 
X. (2012b). Effect of biochar amendment on maize yield and 
greenhouse gas emissions from a soil organic carbon poor cal-
careous loamy soil from Central China Plain. Plant and Soil, 351, 
263–275.

*Zhang, A., Cui, L., Pan, G., Li, L., Hussain, Q., Zhang, X., … Crowley, 
D. (2010). Effect of biochar amendment on yield and methane and 
nitrous oxide emissions from a rice paddy from Tai Lake plain, 
China. Agriculture, Ecosystems and Environment, 139, 469–475.

*Zhang, D., Pan, G., Wu, G., Kibue, G. W., Li, L., Zhang, X., … Liu, 
X. (2016). Biochar helps enhance maize productivity and reduce 
greenhouse gas emissions under balanced fertilization in a rainfed 
low fertility Inceptisol. Chemosphere, 142, 106–113.

SUPPORTING INFORMATION

Additional supporting information may be found online in 
the Supporting Information section at the end of the article. 

How to cite this article: Ye L, Camps-Arbestain M, 
Shen Q, Lehmann J, Singh B, Sabir M. Biochar 
effects on crop yields with and without fertilizer: 
A meta- analysis of field studies using separate 
controls. Soil Use Manage. 2020;36:2–18. 
https ://doi.org/10.1111/sum.12546 

https://doi.org/10.1111/sum.12546

