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Abstract
Biochar is a widely known soil amendment. Here we synthesize the available information on influence of biochar application 
on different soil properties and crop productivity using meta-analysis. Global data on influence of biochar applications on 
different soil physical, chemical, microbial properties, and crop productivity were extracted from literature and statistically 
analyzed. Based on selection criteria, 59 studies from the literature published between 2012 and 2021 were selected for the 
meta-analysis. Correlations were developed between effect size of biochar application on different soil properties and crop 
productivity. Application of biochar increased soil pH, cation exchange capacity, and organic carbon by 46%, 20%, and 
27%, respectively, with greater effects in coarse and fine-textured soils. Effects on chemical properties were variable among 
biochar prepared from different feedstocks. Among physical properties, biochar application reduced bulk densities by 29% 
and increased porosity by 59%. Biochar prepared at higher pyrolytic temperatures (> 500 ℃) improved bulk density and 
porosity to greater extents (31% and 66%, respectively). Biochar prepared at lower pyrolytic temperatures (< 500 ℃) had a 
greater effect on microbial diversity (both bacterial and fungal), with more diverse bacterial populations in medium and coarse 
textured soils, while fungal diversity increased in fine textured soils. Biochar applications increased crop productivity only 
in fine and coarse textured soil. The effect size of biochar application on crop productivity was correlated with responses to 
physical properties of soils. The meta-analysis highlighted the need to conduct long-term field experiments to provide better 
explanations for changes in biochar properties as it undergoes aging, its longer-term effects on soil properties, and timing 
of re-application of different biochars.

Highlights

•	 Meta-analysis was conducted to assess overall effect of 
biochar application to soil.

•	 Biochar application increased soil pH, CEC, and organic 
carbon with greater effects in controlled environment 
studies.

•	 Microbial diversity was increased with biochar applica-
tion but was negatively affected at higher rates.
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1  Introduction

Agricultural productivity is continually limited by progres-
sive declines in soil condition and poor nutrient use effi-
ciencies, resulting in food insecurity (Jones et al. 2013). 
Problems such as climate change, increasing growth of 
the human population, and urbanization place increased 
pressure on agricultural systems, which aggravates these 
problems (Lal 2009). Therefore, the design and function of 
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agroecosystems need to be reconsidered, to resolve the wide 
array of problems affecting agricultural production, includ-
ing disconnects in nutrient supply, demand, and recycling, 
and water use (Lal 2013). One potential solution could be 
recycling organic nutrients back to soil, to help sustain soil 
organic matter, which typically results in improvements in 
soil physical and chemical properties (Girmay et al. 2008). 
Different sources of organic matter can be added to soil, 
including crop residues, animal waste, household waste, and 
industrial waste (Ali et al. 2011; Quilty and Cattle 2011). 
However, the selection of organic material to apply is criti-
cal, since some sources may have negative effects on soils, 
depending upon the quality of organic material or the pres-
ence of contaminants (Jones and Healey 2010).

Biochar is one potential amendment to improve soil prop-
erties. It is used as a soil amendment for its well-researched 
benefits, such as increasing soil fertility and immobilizing 
and transforming heavy metals and contaminants in agricul-
tural soils (Zhu et al. 2017). Generally, biochar is referred 
to as “biomass derived black carbon” or “charcoal” with the 
potential to act as a sink for carbon over an extended period 
(Lehmann et al. 2006). It is believed to have been first used 
by the pre-Columbian indigenous people of the Amazon 
region in the ages 500 to 9000 years BP (Solomon et al. 
2007), as part of a series of soil amendments that produced 
‘terra preta’, a more nutrient-rich and high pH agricultural 
soil than the existing acidic and infertile soils of the region 
(Lehman et al. 2007).

Biochar is defined as a solid and stable, carbon-rich 
material formed by heating of bio-based or organic materi-
als in the absence of oxygen (pyrolysis) (Chan et al. 2008; 
Woolf et al. 2010). Some researchers have referred to it as 
“agrichar”, or charcoal for agricultural use, due to recent 
interest in using biochar in developing sustainable forms 
of soil management and issues related to climate change 
(Abewa et al. 2014; Laine 2012; Yao et al. 2012). Biochar 
can be generated from a range of different feedstocks, includ-
ing organic and industrial wastes (e.g., sludges, manure), 
plant-based materials (e.g., leaves, husks, seeds, cobs), and 
wood-based products (e.g., woodchips, wood pellets, tree 
bark). Biochar can also be produced at different pyrolytic 
temperatures and durations of pyrolysis. The combination 
of feedstock type and pyrolysis conditions allows the pro-
duction of biochars with a range of physical and chemical 
properties (Mukherjee and Zimmerman 2013).

Various studies reported improvements in soil proper-
ties beyond carbon sequestration that were related to biochar 
application. However, the effects of biochar applications on 
soil properties vary as a function of feedstock source and 
temperature used in pyrolysis (Mukherjee and Zimmerman 
2013). In general, several studies reported some chemical 
properties of soils, such as soil pH, cation exchange capac-
ity (CEC), organic carbon (OC), electrical conductivity 

(EC), and extractable nutrients increased in response to dif-
ferent types of biochar (Wang et al. 2013). Physical proper-
ties of soils, such as bulk density and different aspects of soil 
structure also improved in response to amendments includ-
ing biochar (Blanco-Canqui 2017). Additionally, biochar 
amendments could increase water holding capacities of soil 
(Razzaghi et al. 2020), and result in changes in composition, 
abundance, and activities of microbial communities in soils 
(Lehmann et al. 2011; Chan et al. 2008) by providing envi-
ronments with ample aeration, water, and nutrients (Ameloot 
et al. 2013; McCormack et al. 2013). As a consequence of 
such changes in microbial populations, key soil processes 
such as the formation of OC, carbon mineralization, and 
nutrient transformations could be altered by the addition of 
biochar to soil (Ullah et al. 2020).

The services provided to crop growth and development 
by the soil are directly or indirectly influenced by changes 
in soil physical and chemical properties (Blanco-Canqui 
2017). For example, soil physical and hydraulic properties 
influence macro- and microscale processes, including root 
growth, aeration, compaction, water and nutrient uptake, 
surface and subsurface water pollution, erosion, and fluxes 
in water, heat, and gasses. Additionally, biochar was reported 
to improve crop growth and development in acidic soils by 
increasing soil pH (Syuhada et al. 2016). While biochar 
applications hold promise for improving many soil proper-
ties, results from different studies were inconsistent (Atkin-
son 2018). The effects of biochar on microbial diversity and 
composition were also variable. Drivers of inconsistencies 
in responses are various, including heterogeneity among 
experiments related to; soil types, rates of biochar applica-
tion (ranging from 5 to 150 t ha−1), properties of biochar as 
a function of feedstock and pyrolytic conditions, and type of 
experiment (laboratory vs. greenhouse vs. field).

Inconsistencies in responses indicate a need for a meta-
analysis from existing experimental studies to: (i) establish 
the effect of biochar application on soil physical and chemi-
cal properties and microbial diversity; (ii) develop correla-
tions between effects on soil properties and crop produc-
tivity; and (iii) identify research gaps. Though there have 
been syntheses and meta-analyses conducted in the past, 
they primarily analyzed limited biochar application types on 
either soil physical, chemical, soil water retention or micro-
bial properties independently. Therefore, we considered 
how biochar affected soil physical and chemical properties, 
microbial diversity helps in increasing crop productivity and 
developing correlations between factors, thereby increasing 
the sustainability of agricultural systems. The primary focus 
of this meta-analysis was how biochar application to soils 
alters soil physical and chemical properties, and microbial 
diversity, which are important to crop growth and productiv-
ity. The meta-analysis expands on the previous studies on 
relationships between biochar, soil physical and chemical 
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properties and microbial diversity. In addition, our analy-
sis scrutinizes relationships to define impacts of biochar on 
soil physical properties (such as porosity and bulk density), 
chemical properties (soil pH, EC, CEC, and OC), and micro-
bial diversity (bacterial and fungal).

2 � Methods

2.1 � Data sources

An extensive literature search was performed using different 
search engines, including Google Scholar, Web of Sciences, 
ScienceDirect, and Scopus, to identify data for the meta-
analysis. The search terms included different combinations 
(including ‘and’, ‘or’) of the words: “biochar”, “char”, “soil 
physical properties”, “soil chemical properties”, “microbial 
diversity”, “Shannon index”, “crop productivity”, “crop 
production”, “crop yield”. Additionally, the reference lists 
of selected papers were also used to ensure the literature 
search included comprehensive lists of studies related to 
search topics.

2.2 � Article screening and data collection

After completion of searches, the articles were screened 
based on a series of pre-defined criteria: (i) published in 
peer reviewed journal; (ii) availability of feedstock used 
for biochar preparation and information on rates of biochar 
application; (iii) published in English; (iv) availability of 
soil information (soil textural class); (v) data available for 
at least 2 target variables; (vi) studies include replicated bio-
char treatments and controls (no biochar); (vii) measures of 
variance in responses are provided. In cases where variance 
was not provided, corresponding authors were contacted to 
obtain the information. Studies having this information were 
included in the meta-analysis, while those without requisite 
information were excluded. Of the total studies examined, 
59 met the inclusion criteria, and provided pairwise com-
parisons of different biochar treatments vs. controls (Sup-
plementary Table S1). The publication date for the articles 
to be considered for inclusion ranged from 2012 to 2021.

Categorical information related to biochar (rate applied, 
type of feedstock, pyrolytic temperature), soil (texture), and 
experimental setup (field, greenhouse, or laboratory) was 
collected from manuscripts and recorded as auxiliary vari-
ables. The target variables included bulk density of soils, 
porosity, pH, EC, CEC, OC, microbial diversity (fungal and 
bacterial Shannon indices), and crop yield. The data for tar-
get variables presented in the form of tables were collected 
directly from the articles. However, if the data were pre-
sented in graphical form, they were collected using Web Plot 
Digitizer (Rohatgi 2016). For each study, both the control 

and treatment means were recorded. Additionally, standard 
deviations were calculated for the articles where error bars 
represented the standard errors. This resulted in: 100 data-
sets for bulk density, 70 datasets for soil porosity, 157 data-
sets for soil pH, 83 datasets for soil EC, 73 datasets for soil 
CEC, 105 datasets for soil OC, 110 datasets for crop yield, 
36 datasets for Shannon index defining fungal diversity, and 
85 datasets for Shannon index defining bacterial diversity.

2.3 � Data grouping

To allow cross-comparisons between studies, auxiliary 
variables were grouped based on information published 
in peer-reviewed articles. The rates of biochar application 
were grouped as; low (1–39 t ha−1), medium (40–80 t ha−1), 
and high (> 80 t ha−1) rates. The biochar feedstocks were 
grouped as manures (swine, cattle, and chicken manure); 
wood (oak, pine, willow, acacia bark and unidentified wood 
mixtures), herbaceous materials (green waste, red gram 
stalks, maize stover, straws, switchgrass); and lignocellu-
losic wastes (including rice husks, rice hulls, shells of nuts, 
coffee husks, corn cobs, vineyard pruning, pine sawdust). 
The pyrolytic temperatures used for biochar preparation 
were grouped as low (≤ 500 ℃) and high (> 500 ℃). Set 
up of experiments was grouped into field, greenhouse, and 
laboratory experiments. The studies were also grouped 
based on soil texture, with fine-textured, medium-textured, 
and coarse-textured soils, as defined by Cornell Soil Health 
Laboratory recommendations (Soil Texture – Cornell Soil 
Health Laboratory). The coarse-textured group included 
sands, loamy sands, and sandy loams, while the medium 
textured group was comprised of loams, silt loams, silts, and 
sandy clay loams. The fine-textured group was comprised 
of clay loams, silty clay loams, sandy clays, silty clays, and 
clays. A concise summary of the groupings and the studies 
is presented in Supplementary table 2.

Based on screening, 59 published studies were included 
in the meta-analysis (Supplementary Table 1). The feedstock 
used for preparing biochar included wood, crop residues, 
straw, peanut hulls, pine chips, acacia bark, animal manure, 
and chicken manure. The temperature of pyrolysis used for 
preparing biochar in the different studies ranged from 200 
to 900 ℃ with a median of 500 ℃ (Fig. 1). In the selected 
studies, the duration of pyrolysis ranged from less than one 
minute (3 s) to 4300 min, with a median of 60 min (Fig. 1).

Most of the studies in the meta-analysis were conducted 
on sandy loam soils, followed by clay loams and loams. 
Sandy clay and sandy clay loams were the least-studied tex-
tural classes. According to textural groupings of soils, 44%, 
39%, and 17% of studies were conducted, respectively, on 
medium-textured (loams, silt loams, silts, and sandy clay 
loams), coarse-textured (sands, loamy sands, and sandy 



	 Biochar             (2022) 4:8 

1 3

    8   Page 4 of 17

loams), and fine-textured (clay loams, silty clay loams, 
sandy clays, silty clays, and clays) soils.

2.4 � Meta‑analysis

The effects of biochar additions on soil physical and chem-
ical properties, microbial properties, and crop productivity 
were quantified. The effect size of biochar applications was 
calculated for each study to standardize the results across 
all selected studies. This allowed pooling of quantitative 
statistical information, and statistical comparisons between 
effects from the range of studies that reported results based 
on different experimental variables. The effect size was 
calculated using the computer software package Com-
prehensive Meta-Analysis (CMA) (Hedges et al. 2005). 
The standardized mean difference metric “Hedge's g” was 
used for computing the effect size (Eqs. (1), (2), and (3); 
Hedges and Olkin 2014). “Hedge's g” was selected rather 
than “Cohen's d” because it was less biased by small sam-
ple sizes (Hedges and Olkin 2014), which was the case for 
most studies included in the meta-analysis.

where:  X
t
andX

c
 represent the mean for biochar and control 

treatments, respectively; Swithin represents standard deviation 
between treatments; J represents standard sample size; nT 
and nC represent the sample size of the biochar and control 
treatments, respectively; and ST and Sc represent standard 
deviation for the biochar and control treatments, respec-
tively. Hedge’s g is based on the number of standard devia-
tions in difference that exists between two groups; (Hedge’s 
g = 1 indicates two groups differ by 1 standard deviation, 
etc.). A commonly used criteria for interpreting Hedge’s 

(1)Hedgesg = J
Xt − Xc
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√

(

nT − 1
)

S2
T
+
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nC − 1
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3
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nT + nc − 2
)

− 1

g is to refer to sizes of effects as small (g = 0.2), medium 
(g = 0.5), and large (g = 0.8) (Lakens 2013).

The overall effect of biochar on different soil properties, 
microbial diversity, and crop production was estimated by 
a random-effects model. The random effects approach was 
used since the various studies included in the meta-analysis 
were not expected to have effect sizes that were common due 
to variations in the experimental conditions and procedures 
used in the different studies (Borenstein et al. 2011). Addi-
tionally, sampling error was not the only source of variation 
expected to influence the effect size among the various stud-
ies (Borenstein et al. 2011).

2.5 � Graph presentations

Forest plots were prepared to show effect sizes calculated 
for each study with Sigma Plot 14.5. Each point represents 
the mean effect size calculated by Hedge’s g, and the lines 
represent the 95% confidence interval (CI) for each group. 
Numbers on the right side of the forest plot represent the 
number of replications included in groupings. The overall 
effect of biochar on a specific parameter was represented by 
the dotted line in the graph. Two groups were considered to 
be significantly different if 95% CI for effect sizes of both 
groups did not overlap. Additionally, groups were considered 
significantly different from controls if CI for overall effect 
sizes did not include zero.

3 � Results

3.1 � Influence on soil chemical properties

Variations in chemical properties (soil pH, EC, CEC, and 
OC) of soils in response to biochar addition grouped by dif-
ferent categories (type of study, feedstock type, soil texture, 
pyrolysis temperature, and application rate) are presented 
in Fig. 2.

Fig. 1   Distribution of pyrolysis duration and temperatures for the selected studies; Q0, Q1, Q2, Q3, and Q4 correspond to the minimum, 25%, 
50%, and 75% quartiles, and the maximum value, respectively
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3.1.1 � Soil pH

In general, application of biochar significantly (P < 0.001) 
increased soil pH compared to the control (Fig. 2a). Soil pH 
increased significantly (P < 0.05) in all study settings includ-
ing field, laboratory, and greenhouse studies. Similarly, soil 
pH (P < 0.05) significantly increased in response to biochar 
regardless of feedstock. The increase in soil pH was more 
pronounced for biochars prepared from wood (58%), lig-
nocellulosic waste (47%), and manures (64%) compared to 
biochars prepared from herbaceous feedstocks (26%). Addi-
tionally, the increase in soil pH was significant (P < 0.05) for 
all soil textures but was most pronounced in coarse-textured 
soils (55%). The increase in soil pH in coarse-textured soils 
was significantly (P < 0.05) greater than in fine-textured 
soils. Biochars prepared at both high and low pyrolytic 

temperatures resulted in a significant (P < 0.05) increase in 
soil pH compared to the control. However, the effect size 
was not significantly different among temperature groups. 
The significant (P < 0.05) increase in soil pH compared to 
controls occurred for all rates of biochar application. How-
ever, the soil pH increase with biochar application was more 
pronounced for higher (49%) and lower (47%) rates of appli-
cation than medium (34%) rates.

3.1.2 � Soil EC

Overall, changes in soil EC from biochar applications were 
not significant, as the effect sizes of biochar applications 
included zero in the CI (Fig. 2b). There was no significant 
increase in soil EC in different experimental settings (field, 
greenhouse, or laboratory). Wood, lignocellulosic waste, 

Fig. 2   Forest plots showing mean changes in chemical properties of 
soils for different categories grouped by type of biochar, feedstock 
type, soil texture, pyrolysis temperature, and application rate; a soil 
pH, b electrical conductivity, c cation exchange capacity, and d 
organic carbon due to biochar addition to soil. Points show treatment 

effect for a given group and bars represent 95% confidence interval 
for specific categories; blue tick lines show overall effects (grand 
mean), and numbers at right are total numbers of replicates (n) from 
the combined studies



	 Biochar             (2022) 4:8 

1 3

    8   Page 6 of 17

and manure-derived feedstocks did not significantly increase 
soil EC, while biochar prepared from herbaceous feedstocks 
significantly (P < 0.05) increased soil EC compared to the 
control by 78%. Biochar applications significantly (P < 0.05) 
increased soil EC compared to the control for fine-textured 
soils (55%), but not in the other textural groups. Biochar 
prepared at lower temperatures significantly (P < 0.05) 
increased soil EC compared to the control (51%), while bio-
char prepared at higher temperatures did not increase soil 
EC. An increase in soil EC was only significant (P < 0.05) 
at higher rates of application (> 80 t ha−1), which was 43% 
greater than the control.

3.1.3 � Soil CEC

Biochar applications significantly (P < 0.0001) increased soil 
CEC compared to the control (Fig. 2c). All study settings 
(greenhouse, laboratory, and field) significantly (P < 0.05) 
increased soil CEC with biochar applications compared 
to the control, with a more pronounced increase (41%) in 
the laboratory experiments followed by field (31%) and pot 
studies (19%). Biochar applications significantly increased 
(P < 0.05) soil CEC when applied to coarse or fine-textured 
soils (37%) but no effects were recorded in medium-textured 
soils. Biochars prepared at both high and low pyrolytic tem-
peratures significantly increased (P < 0.05) soil CEC com-
pared to the control, with more pronounced increases (33%) 
for biochar prepared at higher temperatures. All rates of 
biochar application significantly increased (P < 0.05) soil 
CEC compared to the control. The effect size of application 
rates on soil CEC increased with increasing application rate 
(higher > medium > lower). The percent increase in soil CEC 
resulting from biochar applications was 45%, 37% and 22% 
under high, medium and lower application rates, respec-
tively. There was no significant difference in effect sizes on 
soil CEC among biochars prepared from different feedstocks 
(wood, ligno-cellulosic waste, herbaceous, and manures).

3.1.4 � Soil OC

Biochar applications significantly (P < 0.0001) increased soil 
OC compared to control treatments, which was represented 
by an overall effect significantly different than zero (Fig. 2d). 
Soil OC was significantly (P < 0.05) increased compared to 
the control for all study settings (greenhouse, laboratory, 
and field), with more pronounced increases (33%) for the 
laboratory studies. However, these responses were not sig-
nificantly different from responses observed under field 
and greenhouse settings. Similarly, biochars prepared from 
all feedstocks significantly (P < 0.05) increased soil OC 
compared to the control but was not significantly different 
among the different feedstocks used in biochar production. 
The increase in soil OC was greatest (30%) under biochar 

prepared from wood feedstock while increases from biochars 
prepared using herbaceous and lignocellulosic waste was 
28% and 25%, respectively. Biochar application significantly 
(P < 0.05) increased soil OC for all texture groups of soils 
compared to the control, while differences among soil tex-
tures were not significant. The increase in soil OC as a result 
of biochar application was greatest (31%) when applied to 
fine textured soils while increases in for coarse and medium 
textured soils were 29% and 22%, respectively. Biochars pre-
pared under both high and low pyrolytic temperatures signif-
icantly (P < 0.05) increased soil OC compared to the control. 
Similarly, biochar applied at all rates significantly (P < 0.05) 
increased soil OC compared to the control. Amounts of soil 
OC increased with increasing rates of biochar application 
were 45%, 37% and 22% increases for high, medium, and 
low application rates, respectively.

3.2 � Influence on soil physical properties

Variations in physical properties of soil (bulk density and 
porosity) in response to biochar additions grouped by dif-
ferent categories (type of study, feedstock type, soil texture, 
pyrolysis temperature, and biochar application) are pre-
sented in Fig. 3.

3.2.1 � Bulk density

Biochar application significantly (P < 0.0001) reduced bulk 
density of soils compared to controls (Fig. 3a). Bulk density 
declined significantly (P < 0.05) compared to controls for 
all three study settings. However, the decrease was more 
pronounced (62%) and significantly (P < 0.05) greater in 
greenhouse studies than in laboratory (30%) and field studies 
(23%). All biochar feedstock types significantly (P < 0.05) 
decreased bulk density compared to the control. However, 
there was no significant difference among the different feed-
stocks. The present study was unable to include studies test-
ing effects of biochar produced from animal manures on 
bulk density due to limited data. Bulk density was signifi-
cantly (P < 0.05) reduced in coarse (36%) and fine-textured 
soils (19%) with biochar applications compared to controls, 
while the decrease was less pronounced for medium-textured 
soils (14%). Biochars prepared at both high and low pyro-
lytic temperatures significantly decreased (P < 0.05) bulk 
density compared to the control by 31% and 28%, respec-
tively. Biochar application at all rates significantly (P < 0.05) 
decreased bulk density compared to the control. However, 
the decreases in bulk density were significantly greater for 
the higher (56%) and medium (45%) application rates than 
lower (18%) application rates.
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3.2.2 � Soil porosity

Due to the inverse relationship between bulk density 
and soil porosity, soil porosity significantly (P < 0.05) 
increased with biochar applications, compared to the 
controls (Fig. 3b). Soil porosity significantly (P < 0.05) 
increased compared to control treatments for all three 
study settings. The increase in soil porosity was more 
pronounced in laboratory studies (71%), but responses 
were not significantly different from those recorded in 
greenhouse (62%) and field studies (54%). Similar mag-
nitudes of increase in soil porosity were observed for all 
feedstock types (59%). Biochar application significantly 
(P < 0.05) increased soil porosity for all soil textures, com-
pared to the control. However, the effect was more pro-
nounced for coarse-textured soils (65%), as was recorded 
for bulk density. Biochar prepared under both high and low 
pyrolytic temperatures significantly increased (P < 0.05) 
soil porosity compared to controls; the effect was more 
pronounced with biochar prepared at higher tempera-
tures (66%). All rates of biochar application significantly 
increased (P < 0.05) soil porosity. The effect sizes were 
greatest for medium application rates (78%), and signifi-
cantly (P < 0.05) different from lower rates (52%), but not 
different (P > 0.05) from higher rates (74%).

3.3 � Influence on microbial diversity

Microbial diversity (bacterial and fungal) was assessed 
with the Shannon index. The number of studies reporting 
bacterial diversity was large enough for a strong meta-
analysis, but the number of studies reporting changes in 

fungal diversity was limited. Changes in microbial diver-
sity (bacterial and fungal) in response to biochar additions 
grouped by different categories (type of study, feedstock 
type, soil texture, pyrolysis temperature, and biochar appli-
cation) are presented in Fig. 4.

3.3.1 � Bacterial diversity

Biochar applications significantly (P < 0.0001) increased 
bacterial diversity compared to the control (Fig. 4a) but 
increased significantly (P < 0.05) only in laboratory (55%) 
and field (38%) studies. Biochar from herbaceous feedstocks 
significantly (P < 0.05) increased bacterial diversity, while 
diversity responses to biochars from wood (11%), manure 
(18%), or lignocellulosic waste (18%) were not significantly 
different from the control. Biochar application significantly 
(P < 0.05) increased bacterial diversity in coarse (24%) and 
medium-textured soils (31%) to a similar extent, but not in 
fine-textured soils (18%). Biochars prepared at both high and 
low pyrolytic temperatures significantly increased (P < 0.05) 
bacterial diversity compared to the control, with the effect 
being more pronounced with biochar prepared at lower 
temperatures (35%). Bacterial diversity was significantly 
(P < 0.05) increased at medium (25%) and low application 
rates (28%) with no difference between the medium and low 
rates.

3.3.2 � Fungal diversity

Biochar application significantly increased (P < 0.0001) fun-
gal diversity compared to the control (Fig. 4b). Fungal diver-
sity with biochar applied was significantly (P < 0.05) greater 
in both greenhouse and field studies but not laboratory 

Fig. 3   Forest plots showing mean changes in physical properties due 
to biochar addition to soil for different categories grouped by type of 
biochar, feedstock type, soil texture, pyrolysis temperature, and appli-
cation rate; a bulk density; and b porosity. Points show treatment 

effects for a given group and bars represent 95% confidence interval 
for specific categories; blue tick lines show overall effects (grand 
mean) and numbers at right represent total numbers of replicates (n) 
from the combined studies
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studies. The increase in fungal diversity was more pro-
nounced in greenhouse studies (43%). Biochars from lig-
nocellulosic waste and herbaceous feedstocks significantly 
increased (P < 0.05) fungal diversity (63% and 25%, respec-
tively) compared to the control, while there was no effect 
from wood biochar. For biochar from animal waste, there 
was insufficient information to assess fungal biodiversity. 
In contrast to changes in bacterial diversity, fungal diversity 
was significantly increased (P < 0.05) in fine-textured soils 
(26%), but not in medium or coarse-textured soils. Biochars 
prepared under both high and low pyrolytic temperatures 
significantly (P < 0.05) increased fungal diversity com-
pared to the control, with effects being more pronounced 
with biochar prepared at lower temperatures (43%). Fungal 
diversity was significantly increased (P < 0.05) compared to 
the control, but only at lower application rates where it was 
increased by 43%.

3.4 � Influence on crop productivity

Studies included in the meta-analysis reported yields for 
various crops including wheat, maize, canola, barley, rice, 
sorghum, tomato, groundnut, faba bean, turnip, and peanuts. 
Biochar applications significantly (P < 0.0001) increased 
crop yield compared to the control (Fig. 5). Crop yields 
were significantly greater (P < 0.05) than the control in both 
greenhouse (34%) and field (30%) studies, but not in labora-
tory studies. The magnitudes of increases in crop yield were 
statistically similar for both greenhouse and field studies. 
Among feedstock type, significant (P < 0.05) increases in 
crop yield were reported from biochars prepared from lig-
nocellulosic waste (35%) and herbaceous (53%) feedstocks, 

while there was no significant effect on yields for wood 
biochar (17%). Biochar application significantly (P < 0.05) 
increased crop yields in fine (40%) and coarse-textured soils 
(57%) while there was no significant increase in medium-
textured soils (9%). Biochar prepared under low pyrolytic 
temperatures significantly (P < 0.05) increased crop yields 
(43%) compared to the control, but not for high pyrolytic 
temperatures. Increases in crop yields were significant 
(P < 0.05) at low (30%) and medium rates (40%) of applica-
tion, while there was no study that reported crop yield at 
high rates of biochar application.

3.5 � Correlation and regression analysis

The effects of biochar applications on all soil properties 
except soil pH, EC and fungal diversity were significantly 
correlated with the effect of biochar application on soil OC 
(Table 1). The effect of biochar applications on soil EC 
was not correlated with other soil properties. Decreases in 
bulk density due to biochar applications were significantly 
correlated with increases in soil porosity (P < 0.0001, 
R2 = 0.5225), soil CEC (P < 0.05, R2 = 0.2837), soil OC 
(P < 0.01, R2 = 0.1283), and fungal diversity (P < 0.01, 
R2 = 0.4232). Increase in bacterial diversity related to bio-
char applications was only correlated with soil OC (P < 0.05, 
R2 = 0.1782).

Increases in crop productivity as a result of biochar 
applications were positively correlated with the effects of 
biochar applications on; soil pH (P = 0.039, R2 = 0.0715, 
Fig. 6a), soil EC (P < 0.001, R2 = 0.364, Fig. 6c), and soil 
porosity (P < 0.001, R2 = 0.292, Fig. 6f). These results were 

Fig. 4   Forest plots showing the mean changes in microbial diversity 
due to biochar addition to soil for different categories grouped by 
type of biochar, feedstock type, soil texture, pyrolysis temperature, 
and application rate; a bacterial, and b fungal. Points show treatment 

effects for a given group and bars represent 95% confidence interval 
for specific categories; blue tick line shows overall effects (grand 
mean) and numbers at right represent total numbers of replicates (n) 
from the combined studies
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consistent with the overall trends identified by the above 
meta-analysis. The effects of biochar applications on crop 
productivity were positively correlated with effect sizes of 

biochar application on soil OC (Fig. 6b) and CEC (Fig. 6c) 
but were not significant (P > 0.05). The effects of biochar 
applications on bulk density were negatively (P < 0.007, 

Fig. 5   Forest plots showing the mean changes in crop yield due to 
biochar addition to soil for different categories grouped by type of 
biochar, feedstock type, soil texture, pyrolysis temperature, and appli-
cation rate. Points show treatment effects for a given group and bars 

represent 95% confidence interval for specific category; blue tick 
lines show overall effects (grand mean) and numbers at right repre-
sent the total number of replicates (n) from the combined studies

Table 1   Correlation between effect sizes of biochar on chemical and physical properties of soils, and microbial diversity

Bold represents the statistically significant correlation

Soil pH Soil EC Soil CEC Soil OC Soil bulk 
density

Soil porosity Bacterial 
diversity

Fungal diversity

Soil pH 1.000
Soil EC R2 = 0.0022

P > 0.05
1.000

Soil CEC R2 = 0.0170
P > 0.05

R2 = 0.0637
P > 0.05

1.000

Soil OC R2 = 0.0261
P > 0.05

R2 = 0.0195
P > 0.05

R2 = 0.1068
P < 0.05

1.000

Soil bulk Den-
sity

R2 = 0.2234
P < 0.0001

R2 = 0.0026
P > 0.05

R2 = 0.2837
P < 0.05

R2 = 0.1283
P < 0.01

1.000

Porosity R2 = 0.2828
P < 0.0001

R2 = 0.0165
P > 0.05

R2 = 0.1405
P > 0.05

R2 = 0.1396
P < 0.01

R2 = 0.5225
P < 0.0001

1.000

Bacterial diver-
sity

R2 = 0.00003
P > 0.05

R2 = 0.1443
P > 0.05

R2 = 0.0118
P > 0.05

R2 = 0.1782
P < 0.05

R2 = 0.1757
P > 0.05

NA 1.000

Fungal diversity R2 = 0.0072
P > 0.05

NA NA R2 = 0.1039
P > 0.05

R2 = 0.4232
P < 0.01

NA R2 = 0.0300
P > 0.05

1.000
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R2 = 0.166, Fig. 6e) related to the effect of biochar applica-
tion on crop productivity.

Regression analyses examined the relationship between 
effect sizes on crop productivity in response to increasing 
rates of biochar application, differentiated by biochar pre-
pared from different feedstocks (Fig. 7a) and applications to 
different types of soils (Fig. 7b). Among feedstocks, biochar 
prepared from herbaceous feedstocks resulted in increases 
in effect sizes on crop productivity with increases in biochar 
application rates. However, biochars derived from wood and 
lignocellulosic waste had greater effect sizes on crop produc-
tivity at lower rates of application compared to higher rates 
(Fig. 7a). Similarly, among soil types, biochar applied to 
medium-textured soils resulted in increased effect sizes on 
crop productivity with increased rates of biochar application 
(Fig. 7b). However, the opposite trend was observed for crop 
production with increases in application rates to coarse and 
fine-textured soils.

4 � Discussion

4.1 � Experiment type and biochar response

In general, the effects of biochar applications on most soil 
properties were greater for laboratory and greenhouse 

experiments than for field experiments. For field studies, 
biochar would undergo weathering and degradation (Ander-
son et al. 2014). Further, biochar would be diluted due to 
mixing into the soil profile by tillage (Schlatter et al. 2018), 
which would lead to decreased effects of biochar on soil 
properties (Li et al. 2020). In contrast, the more-protected 
conditions in greenhouse or laboratory studies provide 
slower, or less change, in biochar properties, thereby pro-
viding greater effects on soil properties. However, laboratory 
or greenhouse studies are not representative of conditions 
found under field conditions (Blanco-Canqui 2017). Our 
result suggests caution should be exercised when compar-
ing results between studies applied at field scales to those 
applied in laboratories, or when extending laboratory-based 
results to field-based settings.

4.2 � Biochar application and soil chemical 
properties

Biochar amendments significantly improved chemical prop-
erties of soils, with the exception of soil EC. Several studies 
documented an increase in soil pH as a result of biochar 
applications (Sohi et al. 2010; Syuhada et al. 2016; Verheijen 
et al. 2010), and results from the meta-analysis were consist-
ent with these studies. Significant (P < 0.05) increases in soil 
pH due to biochar applications occurred under all grouping 

Fig. 6   Regression analyses of relationship between effect sizes of 
biochar additions on soil chemical and physical properties, and crop 
productivity; a pH; b CEC: cation exchange capacity; c EC: electrical 

conductivity; d OC: organic carbon; e bulk density; f porosity. Cases 
with P values < 0.05 indicate significant relationships between bio-
char property and crop productivity
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categories. One possible reason for this increase in soil pH 
could be reductions in exchangeable aluminum (Al) as a 
result of biochar application (Syuhada et al. 2016). Biochar 
application could lower Al concentrations in soils by: (i) 
adsorbing exchangeable Al on negatively charged biochar 
particles, or (ii) reducing the activity of Al in soil solutions 
through chelation by soluble organic compounds from bio-
char (Hue et al. 1986; Butnan et al. 2015).

Another possible explanation for increases in soil pH 
due to biochar application is that basic cations (Ca2+, 

Mg2+ and K+) in biochar could be altered to alkaline 
substances (such as oxides, hydroxides, and carbonates) 
during pyrolysis, and the dissolution of these substances 
causes biochar to act as a liming substance. However, feed-
stock type and pyrolysis temperatures play important roles 
in determining the effect of biochar on soil pH. Biochar 
prepared at higher pyrolytic temperatures have a more 
alkaline pH (Cantrell et al. 2012; Yuan et al. 2011), and 
higher carbonate contents compared to biochars prepared 
at lower pyrolytic temperatures (Wang et al. 2013).

Fig. 7   Regression analysis of changes in crop productivity with application rates of biochar; a effects of biochar feedstocks; and b effects of soil 
types
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Results from the current meta-analysis did not show 
increases in soil EC in response to biochar applications 
(Fig. 2b). However, results from previous studies reported 
biochar applications significantly increased soil EC when 
high amounts of ash were present. Biochars derived from 
herbaceous feedstocks have greater ash contents than wood-
derived biochars, which explains their greater effect sizes on 
soil EC (Kloss et al. 2012). Similarly, Brewer et al. (2011) 
reported biochars produced from switchgrass and corn 
stover, under similar temperatures, had higher ash contents 
than biochars produced from woody materials like red oak 
and wood wastes. In addition to feedstock, pyrolysis temper-
atures used for biochar preparation can also impact biochar 
characteristics and their effect sizes on soil properties. Bio-
char prepared at temperatures of 400 to 550 °C has higher 
EC, thereby increasing soil EC to a greater extent (Singh 
et al. 2010). In the current study, these temperatures were 
characterized as low pyrolytic temperatures, and similar 
results were observed, with greater effect sizes for applica-
tions of biochars prepared with lower pyrolysis temperatures 
(Fig. 2b).

Pyrolyzed organic residues in biochars provide oxygen-
containing functional groups (carboxyl, carbonyl, and 
hydroxyl), that can enhance CEC in soils (Uchimiya et al. 
2010). However, this effect can be altered by both feedstock 
type and pyrolysis temperatures. In concurrence with the 
current meta-analysis, several studies reported biochars 
derived from herbaceous materials had greater CEC than 
biochars derived from wood or other wastes (Kloss et al. 
2012; Wang et al. 2013), thereby having greater effect sizes 
on soil CEC. However, mixed results have been reported 
for the effect of temperatures used for biochar preparation 
on CEC. Lehmann (2007) reported an increase in biochar 
CEC with increasing pyrolytic temperature, which would 
result in increased soil CEC. In contrast, Singh et al. (2010) 
and Kloss et al. (2012) reported lower biochar CEC with 
higher pyrolytic temperatures, resulting into lower soil CEC. 
However, responses also depend on the rate of application. 
This decrease in biochar CEC can be attributed to the loss of 
several acidic functional groups during pyrolysis at higher 
temperatures (Guo and Rockstraw 2007). Such mixed results 
could be related to interactions among factors, such as resi-
dence time during pyrolysis and feedstocks type (Lu and 
Zong 2018).

One chemical property of soils that was affected by 
biochar applications was OC. The response can be attrib-
uted to the recalcitrant nature of carbon present in biochars 
(Abrishamkesh et al. 2015). Biochar contains highly sta-
ble forms of carbon when prepared at higher temperatures 
(above 400–500 °C). Such temperatures cause aromatization 
and loss of functional groups and the formation of larger 
complexes of aromatic rings, which are resistant to both 
biotic and abiotic degradation (Zimmerman and Gao 2013). 

Therefore, adding biochar that contains highly stabile carbon 
to soils results in increased amounts of soil OC. However, 
the amount of carbon contributed by biochar applications 
and its stability in soils depend on several factors, including 
feedstock type, pyrolysis temperature and rate of applica-
tion. Biochars derived from herbaceous biomass have higher 
carbon contents (36.7 and 60.0 wt%) than wood-derived bio-
chars (34.9 and 45.9 wt%) (Wang et al. 2013). However, 
results from the current meta-analysis, did not find signifi-
cant differences for effect sizes on soil OC among biochars 
prepared from different feedstocks (Fig. 1d).

In the current meta-analysis, effect sizes for biochars pre-
pared at different pyrolytic temperatures on soil OC were 
not different, which was consistent with the results of Wang 
et al. (2013), where raising pyrolytic temperatures did not 
increase carbon content in biochars. However, Kloss et al. 
(2012) reported the carbon content of biochars increased 
significantly with increasing pyrolytic temperatures and 
might impact soil OC. The difference in these results could 
be related to complex interactions between feedstock and the 
method of pyrolysis applied in the different studies. How-
ever, soil OC is reported to increase linearly with increased 
amounts of biochar applied.

4.3 � Biochar application and soil physical properties

Biochar application significantly reduced bulk density and 
increased porosity of soils (Fig. 3). Adding porous materials 
like biochar reduces bulk densities and increases porosities 
of soils, since porosity and bulk density are inversely related 
(Kakaire et al. 2015). However, the effect sizes of different 
biochars on these two soil properties may vary depending on 
the application rate, soil texture, and the physical properties 
of biochar (which depends on feedstock types and pyroly-
sis temperatures). Increasing rates of biochar application 
reduces bulk density of soils. Githinji (2014) described 
reductions in bulk density in response to the application rate 
as: Bulk density = − 0.240*(%biochar) + 1.576. Results from 
the current meta-analysis are consistent with this relation-
ship (Fig. 3a).

Biochars can differ in their physical properties, such as 
surface area and porosity, due to feedstock type and pyrolytic 
conditions, which affects bulk density of soils. Additionally, 
interactions among feedstock type and pyrolysis conditions 
applied for biochar preparation can affect physical proper-
ties of soils. Lu and Zong (2018) reported a decrease in 
porosity and surface area of rice straw based-biochar with 
increasing pyrolysis temperatures. In contrast, both param-
eters increased in biochar produced from maize straw when 
prepared using higher temperatures.

Another important factor determining the decrease in 
bulk density of soils with biochar application is soil texture. 
Blanco-Canqui (2017) reported bulk density decreased to a 
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greater extent when biochar was applied to coarse-textured 
soils compared to fine-textured soils. One possible reason 
for this response could be differences in size and density 
between biochar particles and (larger) sand versus (smaller) 
clay particles.

Given the inverse relationship between bulk density and 
porosity of soils, biochar applications result in significant 
increases in soil porosity (Fig. 3b). Biochar increased soil 
porosity due to its highly porous nature. Biochar contains 
longitudinal pores of sizes that range from micro- to macro-
pores (Tomczyk et al. 2020), and the porosity of biochar can 
be affected by different factors, including feedstock type, 
pyrolysis temperature, and length of time pyrolysis applied 
(Leng et al. 2020). Among feedstocks, biochar containing 
higher amounts of lignin possesses greater porosity since 
pore structure under pyrolysis is preserved due to the stabil-
ity of lignin (Tomczyk et al. 2020). In contrast, feedstocks 
with higher ash contents have lower porosity since pore 
spaces are blocked by ash. Therefore, wood-based biochar 
has a greater effect on soil porosity compared to biochar 
derived from manures, which have greater ash contents 
(Leng et al. 2020). However, the current meta-analysis found 
no significant difference between effects sizes of biochars 
derived from different feedstocks related to soil porosity.

Among pyrolytic temperatures, biochar prepared at higher 
temperatures are reported to have greater pore space com-
pared to biochars prepared at lower temperatures (Leng 
et al. 2020). The driver of this response is that volatile con-
stituents in biomass do not devolatilize completely at lower 
temperatures and may either block some pores or hinder 
the formation of new pores during pyrolysis (Pallarés et al. 
2018). Therefore, biochars prepared at higher temperatures 
generated a greater effect on soil porosity (Fig. 3b). The 
effect of biochar application on soil porosity was expected to 
increase with increasing amounts of biochar applied, but the 
effect size on soil porosity decreased at higher application 
rates. This response during the current meta-analysis can 
be attributed to the low number of datasets (n = 5) reporting 
higher rates of application that were included in the analysis.

4.4 � Biochar application and soil microbial diversity

In general, biochar application significantly increased bacte-
rial and fungal diversity. This improvement can be attributed 
to the amounts of labile carbon, and micro- or macro-nutri-
ents, provided by biochar that are available to the micro-
bial communities in soils (Sohi et al. 2010; Xu et al. 2016). 
Additionally, the increase in soil porosity with biochar 
applications protects some microbial organisms from pre-
dation, thereby increasing microbial biomass and diversity 
(Palansooriya et al. 2019; Warnock et al. 2007). The results 
from the current meta-analysis supported this hypothesis, 
with greater effect sizes of biochar applications on bacterial 

diversity in medium and coarse-textured soils, compared to 
fine-textured soils. Other studies also reported increasing 
bacterial diversity with biochar application (Blanco-Canqui 
2017; Lehmann 2007; Palansooriya et al. 2019).

In comparison, fungal diversity did not improve, as the 
Shannon index for fungal diversity did not differ among soil 
textures. Fungal communities are usually more stable than 
bacterial communities and less mobile due to fungal hyphae 
attached to soil particles. Both bacterial and fungal diver-
sity decreased with application of biochar prepared at higher 
pyrolytic temperatures (Fig. 4a and b). These results are con-
sistent with a previous meta-analysis by Li et al. (2020). The 
possible explanation for this effect could be the availability 
of macro- and micro-pores. Biochar prepared using high 
pyrolytic temperatures contain a high percentage of micro-
pores (< 2 nm of pore diameter) that can only be colonized 
by a small portion of microbial communities (Quilliam et al. 
2013), resulting in a decrease of overall microbial diversity. 
In comparison, biochar produced at lower pyrolytic tempera-
tures contains volatile compounds that are unstable and bio-
available, which can enhance bacterial and fungal diversity 
(Ameloot et al. 2013).

The decrease in bacterial and fungal diversity with 
increases in amounts of biochar applied was consistent with 
the results of a meta-analysis by Li et al. (2020). The nega-
tive effects of high rates of biochar application on microbial 
diversity may be caused by: (i) disruption of the microen-
vironment for microbial growth due to high application 
rates (Masiello et al. 2013; Mccormack et al. 2013), which 
triggers selection within microbial populations, resulting in 
decreased microbial diversity (Hartmann et al. 2009); (ii) the 
introduction of toxic components(Muhammad et al. 2018); 
or (iii) higher carbon:nitrogen biochars limit carbon metabo-
lism by microbial communities, (Ameloot et al. 2013; Liu 
et al. 2020).

4.5 � Crop productivity

The influence of biochar applications on crop productivity 
depends on interactions among several factors. Among these 
factors are feedstock type, pyrolysis temperature, applica-
tion rate, and soil texture. Biochar produced at pyrolysis 
temperatures of 400–500 ℃ was most effective in increas-
ing crop productivity, while biochar produced under high 
temperatures (especially > 600 ℃) decreased crop produc-
tivity (Li et al. 2019). This is consistent with results from 
the current meta-analysis, as responses of crop yields to 
applications of biochar prepared at high temperatures were 
not different from the control (Fig. 5). Biochar produced at 
high pyrolytic temperatures held water and dissolved min-
erals tightly, resulting in less water and minerals available 
for plant growth (Li et al. 2019). Greater impacts of biochar 
application on crop productivity were observed in coarse 
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textured soils, as noted in effect sizes of biochar applica-
tion on soil properties. Among feedstocks, crop productiv-
ity increased in response to herbaceous biochar, compared 
to wood-based biochar. Herbaceous biochars have greater 
amounts of nutrients compared to wood derived biochar 
(Latini et al. 2019), and wood-derived biochars are higher 
in lignin content, which can immobilize nutrients (Kloss 
et al. 2012).

Increases in crop productivity were correlated with effect 
sizes of biochar application on the physical properties (bulk 
density and porosity) of soil. In contrast, only increases in 
soil EC were correlated to greater crop productivity among 
the chemical properties of soil. A possible explanation for 
the correlation with physical properties was the positive 
impact of decreased bulk density and increased soil poros-
ity on improving water and nutrient status, and improved soil 
aeration (Page et al. 2020; Ontl and Schulte 2012). The pore 
volume of biochar consists of a range of size classes relevant 
to storage of plant available water. Therefore, increases in 
soil porosity have positive impacts on crop productivity by 
increasing amount of water that is plant available, and pro-
viding better conditions for root growth (Lu and Zong 2018). 
The correlation between crop productivity and decreased 
bulk density could be related to the facilitation of root 
growth by the decrease in bulk density, and movement of 
air and water through soil, which can have positive impacts 
on crop growth (USDA 2019).

5 � Research gaps and future needs

This meta-analysis presented gaps in the literature that need 
to be addressed. Some specific research needs include:

•	 Most studies evaluating the effect of biochar on soil prop-
erties were conducted for durations of less than 2 years. It 
is important to conduct longer-term studies since biochar 
properties can change with aging, as might its impacts 
on soil properties. Longer-duration studies will provide 
an increased understanding of the effects of biochar over 
time and help define timings for reapplication of biochar.

•	 Most studies were conducted on acidic soils and resulted 
in increased soil pH due to the alkaline nature of bio-
char. Few studies were conducted on more-alkaline soils. 
Therefore, there is a need to evaluate the effects of bio-
char applications on soil properties of neutral or higher 
pH soils.

•	 There were few studies evaluating changes in fungal 
diversity in response to biochar application, compared 
to bacterial diversity. As fungal biomass and diversity 
are important factors governing various soil mecha-
nisms (e.g., decomposition of organic matter, emission 
of greenhouse gasses), it is important to evaluate changes 

in fungal diversity and biomass in response to biochar 
applications to different soils.

•	 Studies conducted under field conditions are less com-
mon than those undertaken in the smaller scales of 
laboratory or greenhouse studies. As responses in such 
studies differ from field studies, due to variances in soil 
properties, weather, and environmental conditions, it is 
important to conduct more field trials.

•	 Most studies examine bio-physical characteristics or crop 
productivity. Studies on cost–benefit analyses and under-
standing the barriers to using biochar are required.

•	 Studies should consider impacts of biochar applications 
as soil amendments that include bioenergy produc-
tion, offsetting emissions of greenhouse gasses, carbon 
sequestration, and agronomic impacts on crop produc-
tion, in addition to how biochar effects soil properties.

•	 The interactions of biochar feedstock, method, and 
temperature conditions of preparing biochar and their 
performance of different soil texture need to be better 
understood to determine site-specific biochar recommen-
dations.

•	 The full lifecycle economic analysis and return on invest-
ments of biochar application need critical analysis under 
different biophysical and socio-economic conditions.

6 � Conclusions

Biochar has long been seen as a potential amendment to 
improve soils and enhance agricultural production. This 
meta-analysis of the available literature assessed the cur-
rent state of knowledge on how biochar applications can 
affect soil physical and chemical properties, microbial diver-
sity, and crop production. Biochar additions had a variety 
of effects on soil properties and microbes, and crop produc-
tion, in response to feedstock type, pyrolysis temperatures, 
soil texture, and amounts applied. All chemical properties 
of soils except EC improved, with larger increases occur-
ring in response to higher application rates, and greater 
responses in coarse and fine-textured soils. Improvements 
also occurred among the correlated responses of bulk den-
sity and porosity, with larger responses occurring in coarse-
textured soils, and to biochars prepared at higher pyrolytic 
temperatures. In general, both bacterial and fungal diver-
sity increased with biochar application, though diversity 
declined at higher rates of application. As with soil proper-
ties, improvement in microbial diversity was dependent on 
soil type and affected by pyrolytic temperatures applied to 
biochars. Increases in crop production were also dependent 
on soil type, pyrolysis temperatures and rates of applica-
tion, largely due to the effects of these factors on physical 
properties of soils. Biochar prepared at high temperatures 
(> 500 °C) helped to increase soil CEC and porosity but had 
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negative impacts on crop productivity, thereby preparation 
of biochars at temperatures < 500 °C can be recommended. 
Use of herbaceous feedstock for biochar preparation can be 
recommended due to positive effects on crop productivity, 
microbial abundance, and soil properties except pH. The 
combined responses of soil properties, soil microbes, and 
crop productivity indicate the effects of biochar applications 
on agroecosystems will be neither uniform nor common, 
with responses dependent on the attributes of applied bio-
chars and soil types receiving treatments. Differences in the 
recorded effects of field-based studies, compared to stud-
ies in more-controlled environments, indicate results from 
laboratory or greenhouse studies should be applied to field 
settings with caution. Longer-term field trials are required 
to define how biochar affects soil properties under the varied 
conditions and environments affecting agroecosystems, and 
the economic performance of biochar applications.
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