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Abstract 
Biochar application to soil has been proposed as a potential management strategy to enhance soil carbon (C) sequestra-
tion, reduce greenhouse gas emission, improve soil quality, and increase crop productivity. The effects of biochar on soil 
microbial and enzyme activities are integrally linked to the potential of biochar in achieving these benefits. We conducted 
a global meta-analysis to assess the effects of biochar on soil microbial biomass C and nitrogen (N) and the activities of 12 
enzymes, and identify key factors affecting those soil microbial properties using 964 data points from 72 papers. We found 
that biochar effects on enzyme activities vary widely with soil type, biochar property and the type of enzyme studied. Bio-
char significantly increased microbial biomass C (MBC) and urease, alkaline phosphatase and dehydrogenase activities by 
21.7%, 23.1%, 25.4% and 19.8%, respectively, with no significant negative effects on any of the enzymes analyzed in this 
study. Biochar application was more effective in increasing MBC and enzyme activities in soils with low pH (< 6.5), TC 
(< 20 g kg−1), TN (< 2 g kg−1), and a fine texture (including clay, clay loam and silt clay). Biochars produced at pyrolysis 
temperature of 350–550 °C with a high pH (> 10) and low C/N ratio (< 50) increased MBC and urease and dehydrogenase 
activities. Biochar increased MBC and N-acquisition enzyme activities in the field but not in lab incubation experiments. 
Urease was increased in short-term studies (within 100 days of biochar application) while alkaline phosphatase was increased 
in long-term studies that span more than 1 year. The increase in MBC and activities of some soil enzymes in response to 
biochar application with no negative effects on any hydrolytic and oxidative enzymes illustrate its potential to enhance soil 
quality particularly in the degraded soils with low nutrient availability and fertility due to limited soil microbial and enzy-
matic activities. This study also shows that biochars can be designed to achieve specific properties for enhancing microbial 
and enzymatic activities for specific soils.
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1 Introduction

The soil application of biochar, a product of pyrolysis of 
biomass in partial or complete absence of oxygen, has been 
proposed as a potential management strategy to improve 
soil quality, support the resilience of agroecosystems, 
mitigate global climate change by increasing soil organic 
carbon (C) and fertility (Woolf et al. 2010; Biederman and 
Harpole 2013; Lu et al. 2014), and reducing greenhouse 
gas emissions (Spokas and Reicosky 2009; Crombie et al. 
2015; Liu et al. 2016). These goals can be achieved by 
changing soil processes such as soil organic matter (SOM) 
decomposition and nutrient mineralization, in association 
with changed microbial and enzymatic activities through 
biochar application (Sohi et al. 2009; Lehman et al. 2011). 
Biochar application affects microbial and enzymatic activ-
ities by changing the availability of resources by adding 
labile C (Kuzyakov et al. 2009; Zimmerman et al. 2011) 
to the soil as well as by changing the soil environment 
(Verheijen et al. 2010). Soil enzymes catalyze the rate-
limiting steps of SOM decomposition and nutrient cycling, 
and their activities are very sensitive to changes in the soil 
environment (Sinsabaugh 1994; Burns et al. 2013) that can 
be brought on by biochar application. Therefore, many 

studies have assessed the effect of biochar application on 
microbial and enzymatic activities.

A wide range of soil enzymes (extra- and intracellular) 
has been studied in biochar application experiments, includ-
ing hydrolases and oxidases that decompose macromole-
cules of varying composition and complexity into soluble 
substrates for microbial assimilation. These enzymes tar-
get different groups of substrates present in soils for SOM 
decomposition (Sinsabaugh 2010) and their activities are 
substantially influenced by biochar application (Paz-Ferreiro 
et al. 2013; Zhang et al. 2014; Song et al. 2018). In biochar 
application studies, the most widely assayed soil hydrolytic 
enzymes for C cycling (C-acquisition) are β-1,4-glucosidase, 
β-d-cellobiohydrolase and β-1,4-xylosidase; β-1,4-N-acetyl-
glucosaminidase, leucine amino peptidase and urease for N 
cycling (N-acquisition); and acid phosphatase and alkaline 
phosphatase for P cycling (P-acquisition) (Chen et al. 2013; 
Song et al. 2016; Pukalchik et al. 2018). The phenol oxidase 
and peroxidase are the most studied oxidizing soil enzymes 
while dehydrogenase is the most studied intracellular 
enzyme in biochar application studies (Ouyang et al. 2014; 
Chen et al. 2017). Most biochar studies that involved the 
above-mentioned enzyme activities are focused on soils that 
are severely deteriorated by extensive agricultural practices 
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or contaminated by heavy metals. The low microbial and 
enzymatic activities often impede nutrient cycling and pro-
ductivity of these soils (de Mora et al. 2005; Thavamani 
et al. 2012; Araujo et al. 2013). The use of biochar as a 
‘soil conditioner’ can improve the quality of those soils 
by increasing microbial growth and enzyme activities that 
are associated with C and nutrient cycling (Verheijen et al. 
2010).

Biochar application can have contrasting effects on soil 
enzyme activities. For instance, biochar application was 
found to significantly increase (Pukalchik et  al. 2018), 
decrease (Chen et  al. 2013; Zhang et  al. 2014; Zheng 
et al. 2016; Benavente et al. 2018) or not change (Yoo and 
Kang 2012; Song et al. 2016) β-1,4-glucosidase activities 
in upland agricultural soils. Similarly, biochar application 
has been shown to increase (Song et al. 2018), decrease 
(Bamminger et  al. 2014; Chen et  al. 2017) or have no 
effect (Chen et al. 2019) on the activities of β-1,4-N-acetyl-
glucosaminidase, which is involved in N-acquiring activities 
of microorganisms (Parham and Deng 2000). The responses 
of acid and alkaline phosphatases that are associated with 
the cleavage of P-containing organic compounds to biochar 
application also varied widely in both the direction and 
magnitude (Ouyang et al. 2014; Purakayastha et al. 2015). 
The wide variation in the response of enzyme activities to 
biochar application is associated with soil type and biochar 
property (Sohi et al. 2010; Gul et al. 2015).

Biochar application to the soil can change the physical 
(e.g., soil aeration, aggregation and water holding capac-
ity) and chemical properties (e.g., soil pH, CEC and C/N 
ratio) of soil (Verheijien et al. 2010; Gul et al. 2015; Wang 
et al. 2017). Changes in these soil properties eventually 
alter microbial community composition and enzyme activi-
ties in the soil (Zhang et al. 2018a). However, the change 
in soil properties and their subsequent effects on microbial 
and enzymatic activities following biochar application is a 
function of soil texture, land use type and initial soil prop-
erty (Sohi et al. 2010; Xie et al. 2015). Biochar application 
increased water holding capacity and enzymatic activities 
(catalase, dehydrogenase and invertase) in coarse-textured 
but not in fine-textured soils (Khadem and Raiesi 2017). Wu 
et al. (2018) observed an increase in activities of C cycling 
related enzymes in alkaline soil with no significant change 
in N cycling-related enzyme activities in alkaline and acidic 
soils following biochar addition.

The biochar-induced changes in soil properties and their 
subsequent effects on microbial and enzymatic activities 
also depend on the feedstock type used, the pyrolysis con-
dition and biochar application rate (Singh et al. 2010; Gul 
et al. 2015). Biochar properties such as pH, C/N ratio, sur-
face area and labile C content that have a direct influence 
on enzyme activities (BřEndová et al. 2012) are functions 
of feedstock type and pyrolysis condition. High pyrolysis 

temperature produces biochars with higher pH, surface area 
and aromatic C, and application of such biochars to the soil 
increases enzymatic activities associated with C cycling in 
a fluvo-aquic soil (Wang et al. 2015). Biochars produced 
from manure- and wood-based feedstocks are different in 
their nutrient content and pH (Lee et al. 2013; Novak et al. 
2013). Generally, the application of biochars produced from 
manures and crop residues have higher pH, labile C and 
nutrient contents than that produced from wood feedstocks 
(Novak et al. 2013) that can increase activities of enzymes 
regulating C and N cycling in the soil (Bailey et al. 2011).

The number of studies that assess soil enzymatic and 
microbial activities in response to biochar application is 
rapidly increasing but the large number of such studies with 
contrasting results have made it difficult to reach a conclu-
sion on the potential roles of biochar application in achiev-
ing the desired ecological benefits. With the surge in biochar 
amendment studies in recent years that involve assessment of 
soil microbial and enzymatic activities, quantitative reviews 
using meta-analysis procedure are helpful to critically ana-
lyze biochar’s effects on microbial and enzymatic activities 
on a global scale. Zhang et al. (2019) showed an increase 
in N- and P-cycling enzymes by biochar application in their 
meta-analysis based on data from 43 papers that covered 
publications prior to 2016. However, Zhang et al. (2019) 
did not include the assessment of the relationship between 
change in microbial biomass and enzymatic activities and 
did not analyze dehydrogenase (intracellular enzyme) activ-
ity in biochar-amended soils. Analyzing dehydrogenase 
activities in the soil is critical to understand the effect of 
biochar on the metabolic activities of microorganisms in the 
soil (Serra-Wittling et al. 1995). This global meta-analysis is 
based on more data (from 72 papers) on microbial and enzy-
matic activities than the Zhang et al. (2019) meta-analysis by 
including relevant papers published after 2016. This study 
has the following objectives: (i) to quantitatively assess the 
effect size of biochar application on microbial biomass, 
activities of intra-and extracellular enzymes that are involved 
in C, N and P acquisitions, (ii) to assess the relationship 
between changes in microbial biomass and changes in C and 
N acquisition enzyme activities in biochar-amended soils, 
and (iii) to identify key factors of soil and biochar that influ-
ence the response of intra- and extracellular soil enzymatic 
activities to biochar application.

2  Materials and methods

2.1  Literature search

A literature search was conducted to collect data for this 
meta-analysis using Web of Science and Google Scholar 
using the following keywords: biochar or char or pyrolyzed 
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char or black carbon and soil and enzyme or enzymatic 
activities. Papers were selected based on the following 
criteria: (1) studies having at least three replicates in the 
experiment, (2) studies with treatment (biochar applied) 
effects paired with a control (no biochar applied) in the 
same experimental condition, and (3) studies reporting at 
least one of the following enzyme activities (given below). 
Studies that used (i) biochars modified by steam or citric and 
tartaric acid activation, denaturing stress and photochemi-
cal weathering, and (ii) biochars used in combination with 
other additives such as compost and lime with their control 
treatment not reported, were excluded. In addition, papers 
that reported incomplete units of enzyme activities (such 
as enzyme activities with no time in the unit) were also 
excluded. The authors of a few of the papers were contacted 
to get additional information such as the unit and absolute 
values of enzyme activities (when only relative values were 
reported), standard deviation (SD) or standard error (SE) in 
the data (if not reported in the paper).

2.2  Data collection and compilation

A total of 72 papers (published until February 18, 2019) 
each with an independent study were selected to collect the 
data used in this meta-analysis (ESM Appendix 1). Data 
sets for enzyme activities including mean values with the 
number of replicates (n) and SD or SE for the control and 
biochar application treatments were extracted from the 
tables and figures of the papers. The mean and SD (or SE) 
were extracted from figures using GetData Graph Digitizer 
2.26 (http://getda ta-graph -digit izer.com/downl oad.php). 
The SD was calculated as SD = SE × √n2. If the experiment 
included different organic amendments, only the data for the 
biochar application alone and its control were extracted from 
that experiment. If there were data from multiple sampling 
times in a study, we used the data of the last sampling. In 

addition, in field experiments that involved multiple depths 
of soil to examine biochar’s effect on enzyme activities, we 
used only data for the uppermost soil layer to avoid poten-
tial bias caused by different soil layers being sampled (Jian 
et al. 2016) since biochar is generally applied to the upper 
10–20 cm soil. The soil pH, total carbon (TC), total nitrogen 
(TN) and soil texture, and feedstock type, pyrolysis tempera-
ture, biochar pH, C/N ratio and biochar application rate (in 
percentage) data were also extracted from the papers. The 
latitude and longitude of the study location were also col-
lected to help plot global distribution of study sites in this 
meta-analysis.

A total of 12 enzymes (11 extracellular and 1 intracellu-
lar) that represent the most common hydrolytic and oxidative 
enzymes in the soil were considered to examine the effect 
of biochar application on soil enzyme activities (Table 1). 
The extracellular enzymes included in this study are α-1,4-
glucosidase, β-1,4-glucosidase, β-d-cellobiohydrolase, 
β-1,4-xylosidase, β-1,4-N-acetyl-glucosaminidase, leucine 
amino peptidase, urease, acid phosphatase, alkaline phos-
phatase, phenol oxidase, peroxidase and the intracellular 
enzyme studied is dehydrogenase. The hydrolytic extracel-
lular enzymes were further integrated into C-acquisition 
(C-acq), N-acquisition (N-acq) and P-acquisition (P-acq) 
enzymes based on the targeted substrate or nutrients they 
act on. The activities of C-acq represent the average of α- 
and β-glucosidase, cellobiohydrolase and xylosidase, the 
activities of N-acq represent the average of acetyl-glucosa-
minidase, leucine amino peptidase and urease, and that of 
P-acq represent the average of acid and alkaline phosphatase 
activities. Soil microbial biomass C and N data were also 
extracted from the papers as dependent variables.

The selected soil and biochar data (as independent vari-
ables) were categorized into groups to facilitate meta-anal-
ysis and to help identify major factors affecting soil micro-
bial and enzymatic activities. Following the classification 

Table 1  Extra- and intracellular enzymes analyzed in this study

No Enzyme EC Abbreviation Functions

1 α-1,4-glucosidase 3.2.1.20 AG Hydrolysis of complex carbohydrates, starch and glycogen
2 β-1,4-glucosidase 3.2.1.21 BG Cellulose degradation
3 β-d-cellobiohydrolase 3.2.1.91 CBH Cellulose degradation
4 β-1,4-xylosidase 3.2.1.37 BX Reduction of cellulose from xylan
5 β-1,4-N-acetyl-glucosaminidase 3.2.1.14 NAG Chitin and peptidoglycan degradation
6 Leucine amino peptidase 3.4.11.1 LAP Hydrolysis of polypeptides to leucine and other hydrophobic amino acids
7 Urease 3.5.1.5 UR Hydrolysis of urea to ammonia and  CO2

8 Acid phosphatase 3.1.3.2 ACP Hydrolysis of phosphosaccharides and phopsholipids to release phosphates
9 Alkaline phosphatase 3.1.3.1 ALP Hydrolysis of phosphosaccharides and phopsholipids to release phosphates
10 Phenol oxidase 1.10.3.2 PHOx Extracellular oxidation of lignin
11 Peroxidase 1.11.1.7 PEO Extracellular oxidation of lignin
12 Dehydrogenase DEH Intracellular oxidation of organic molecules during microbial respiration

http://getdata-graph-digitizer.com/download.php
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of soil used in previous meta-analyses of biochar’s effects 
on soil microbial and enzymatic activities (Zhang et al. 
2018a, 2019), soil pH was categorized into acidic (< 6.5), 
neutral (6.5–7.5 inclusive) and alkaline (> 7.5), TC and TN 
were categorized into three groups (< 10, 10–20 inclusive 
and > 20 g kg−1 for TC and < 1, 1–2 inclusive and > 2 g kg−1 
for TN). Soil textural classes were divided into three groups: 
fine (clay, clay loam, silty clay loam and silty clay), medium 
(silt, loam, silt loam and sandy silt loam) and coarse (sandy 
loam, sandy clay loam, loamy sand, sand) following the 
USDA soil classification system. If soil textural classes were 
not reported but only percentages of the soil particles were 
given in the paper, the textural classes were determined by 
the percentage of clay, silt and sand. The experiments were 
divided into three types: lab incubation, greenhouse and 
field experiments. To assess the effect of time since biochar 
application, studies were categorized based on experiment 
duration into short- (experiments that span up to 100 days 
of biochar application), medium- (101–365 days inclusive) 
and long-term studies (> 365 days). Biochar feedstock types 
were categorized into wood, crop residue (including rice, 
wheat and soybean straw, maize silage, rice husk, oilseed 
rape and weeds), urban wastes (municipal solid waste and 
sewage sludge) and manure (poultry, cattle and swine). 
Pyrolysis temperature was categorized into low (> 350 °C), 
medium (350–550 °C inclusive) and high (> 550 °C); bio-
char pH was categorized into < 8, 8–10 inclusive and > 10; 
biochar C/N ratio into < 50, 50–100 inclusive and > 100. 
Biochar application rate was converted to a percentage 
(w/w) if needed using bulk density of the soil and depth of 
soil to which biochar was applied. If soil bulk density was 
not reported, it was estimated by the standard bulk density 
calculator based on soil texture (https ://www.nrcs.usda.gov/
wps/porta l/nrcs/detai l/soils ). The biochar application rate 
was then categorized into four: < 1%, 1–3% inclusive, 3–5% 
inclusive and > 5%.

2.3  Data analysis

To assess the effect size of biochar application on soil enzy-
matic activities and microbial biomass, we used the natural 
log-transformed response ratio (ln RR: the ratio of treatment 
over control) as commonly used in other meta-analyses (Jian 
et al. 2016; Liu et al. 2016) because it improves statistical 
behaviors (Hedges et al. 1999). The ln RR was calculated as:

where Xt and Xc are the observed values of a selected vari-
able (enzyme activities or microbial biomass C and N) under 
treatment (biochar application) and control, respectively. 
Estimation of effect size in meta-analysis largely depends 
on the weighting of the individual observation that can 

lnRR = ln (Xt∕Xc),

subsequently affect the inferences that can be made from a 
meta-analysis (Ma and Chen 2016). Various weighting func-
tions have been used in previous meta-analyses (Jian et al. 
2016; Ma and Chen 2016; Zhang et al. 2018a). The use of 
variance estimates in weighting functions are often unreli-
able because of large variances due to diverse site conditions 
and small sample sizes (common in many published studies 
we have considered in this meta-analysis). Following these 
previous studies (Ma and Chen 2016; Zhang et al. 2018b), 
we used the number of replications for the weighting func-
tion of observations as they found that this weighting func-
tion assigned less extreme weight and gave less weight to 
studies with multiple non-independent observations than any 
other weighting function. The weighting factor was calcu-
lated as:

where Wr is the weight associated with ln RR of observations 
of each variable, Nt and Nc are the number of replications in 
the treatment and control, respectively. The meta-analysis 
was conducted using maximum likelihood estimation with 
the lme4 package in R. We bootstrapped the estimates of 
weighted response ratio (ln RR′) to generate 95% confidence 
intervals (Liu et al. 2016) using the ‘confint ()’ function 
in the ‘boot’ package in R (Adams et al. 1997; Canty and 
Ripley 2012). The following equation was used to trans-
form the log-transformed weighted response ratio back to 
the percentage change for ease of interpretation which is 
commonly used in other meta-analyses (Luo et al. 2006; 
Jian et al. 2016).

We consider the effect of biochar application on enzyme 
activities and microbial biomass to be significantly different 
from control if the 95% confidence interval of ln RR’ does 
not overlap with zero (Luo et al. 2006).

3  Results

3.1  Overall effects of biochar application on soil 
enzyme activities and microbial biomass

Biochar application significantly increased the activities of 
urease, alkaline phosphatase and dehydrogenase by 23.1%, 
25.4% and 19.8%, respectively, as compared to the control, 
but did not affect the activities of other enzymes (Fig. 1; 
Table 2). Biochar application increased the activities of N-
acq enzymes by 23.3% but did not affect the activities of 
C-acq and P-acq enzymes. Biochar application also signifi-
cantly increased MBC by 21.7% but had no effect on MBN 
(Fig. 1; Table 2). Regression analyses showed that RR of 

Wr = (Nt × Nc)∕(Nt + Nc),

Effect size (%) = (elnRR
�

− 1) × 100%.

https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils
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MBC had significant linear relationships with RR of C-acq 
and N-acq enzymes in acidic soils but not in neutral and 
alkaline soils (P <0.05). In acidic soils, RR of MBC had 
a negative relationship (P =0.02) with RR of C-acq and a 
positive relationship (P <0.01) with N-acq enzymes (Fig. 2).  

3.2  Effect of biochar on activities of urease, alkaline 
phosphatase, dehydrogenase and N‑acq 
enzymes and MBC in different soils

The effects of biochar on soil enzyme activities were 
dependent on soil characteristics (Table 3). Urease activi-
ties were increased by biochar application by 33.3% and 
31.2% in soils having TC less than 10 and between 10 
and 20 g kg−1, respectively. Biochar also increased urease 
activities in soils having TN < 2 g kg−1 but not in soils 
having TN > 2 g kg−1 or TC > 20 g kg−1. The increase in 
urease activities by biochar application was significant in 
fine but not in coarse-textured soils. Similarly, biochar 
also increased dehydrogenase activities by 40% in neutral 
soils while there were no effects in acidic and alkaline 

soils (Table 3). The activities of alkaline phosphatase were 
dependent on soil pH, TC, TN and texture: an increase of 
52% in acidic soils, but not in neutral and alkaline soils; 
increases of 25.7% and 36.6% in soils with TN < 10 and 
10–20 g kg−1, respectively, and an increase of 67.4% in 
field experiments but not in lab incubation and greenhouse 
experiments (Table 3).

The magnitude of biochar’s effect on N-acq enzyme and 
MBC was also dependent on soil characteristics (Fig. 3). 
Biochar significantly increased the activities of N-acq 
enzyme by 26.6% in acidic and 27.3% in alkaline soils; by 
34.8% in soils with TC < 10 g kg−1; 32.7% in soils with 
TN < 1 g kg−1; and 23.5% and 21% in field and greenhouse 
experiments, respectively (Fig. 3). The MBC was signifi-
cantly increased by biochar in most cases in soils with dif-
ferent pH, TC, TN and texture: 16.6% and 38.7% in acidic 
and alkaline soils, respectively; 23.6% and 23.2% in soils 
with TC < 10 and 10–20 g kg−1, respectively; and 22.1% 
and 18.6% in coarse and fine-textured soils, respectively 
(Fig. 3).

Fig. 1  Overall effects of biochar application on soil intra- and extra-
cellular enzyme activities and microbial biomass carbon and nitrogen. 
The bars represent 95% confidence intervals and the number besides 
each bar represents sample size with the number of studies noted in 
parentheses

Table 2  Overall effects (ln RR’) of biochar application on soil micro-
bial biomass and enzyme activities

Effect size in bold indicates significant effect of biochar application 
at 95% CI, positive values in effect size indicate positive effect and 
negative values indicate a negative effect
ln RR’ weighted response ratio, MBC microbial biomass carbon, 
MBN microbial biomass nitrogen, AG α-1,4-glucosidase, BG β-1,4-
glucosidase, CBH β-d-cellobiohydrolase, BX β-1,4-xylosidase, NAG 
β-1,4-N-acetyl-glucosaminidase, LAP leucine amino peptidase, UR 
urease, ACP acid phosphatase, ALP alkaline phosphatase, PHOx phe-
nol oxidase, PEO peroxidase, DEH dehydrogenase, C-acq carbon 
acquisition enzyme, N-acq nitrogen acquisition enzyme, P-acq phos-
phorus acquisition enzyme, CI confidence interval at 95%

Variable Mean (ln 
RR’)

CI Sample size 
(n)

Effect (%)

Lower Upper

MBC 0.190 0.096 0.287 108 21.7
MBN 0.154 − 0.119 0.396 58 15.2
AG 0.155 − 0.404 0.766 17 18.9
BG − 0.058 − 0.166 0.057 165 − 6.7
CBH 0.103 − 0.205 0.360 45 10.1
BX 0.045 − 0.250 0.360 25 9.2
NAG 0.142 − 0.222 0.536 48 15.4
LAP 0.144 − 0.026 0.310 35 16.0
UR 0.202 0.061 0.345 91 23.1
ACP − 0.068 − 0.171 0.052 130 − 6.0
ALP 0.225 0.065 0.385 77 25.4
PHOx − 0.156 − 0.385 0.117 38 − 12.6
PEO − 0.051 − 0.532 0.375 19 − 5.8
DEH 0.174 0.013 0.338 108 19.8
C-acq − 0.047 − 0.172 0.072 162 − 4.8
N-acq 0.218 0.066 0.353 121 23.3
P-acq 0.025 − 0.064 0.133 161 3.1
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3.3  Effect of biochar properties on activities 
of urease, alkaline phosphatase, 
dehydrogenase and N‑acq enzymes and MBC

The effects of biochar on increasing activities of urease, 
alkaline phosphatase, dehydrogenase and N-acq enzymes 
and MBC were also dependent on pyrolysis temperature 
and feedstock type and the properties of biochar (such as 
pH and C/N ratio) associated with pyrolysis conditions and 
feedstock type used while the activities of other enzymes 
were not significantly affected by those factors (Table 4). 
Urease activities were increased by 25.9% by biochar pro-
duced at high pyrolysis temperature (> 550 °C), 23.9% by 
manure-based biochar and 33.5% by biochar with high pH 
(> 10) with no significant change in urease activities by any 
biochar application rates. But alkaline phosphatase activi-
ties were significantly increased by lower rates of biochar 
application (< 3%) (Table 4) and by the biochars produced 
from crop residues and wood. Dehydrogenase activities were 
increased by biochars produced at low pyrolysis temperature 
(< 350 °C) and biochars with low C/N ratio (< 50) but not 
affected by any biochar pH ranges, feedstock types and bio-
char application rates (Table 4). In greenhouse experiments, 

biochar application significantly increased dehydrogenase 
activities by 31.8%. Biochar significantly increased urease 
activities in short term studies while increased alkaline phos-
phatase activities only in long-term studies.

Significant positive changes in N-acq enzymes were 
observed with the application of manure-based biochars, 
biochars produced at medium pyrolysis temperatures 
(350–500 °C), biochars with high pH (> 10), and biochars 
applied at low rates (< 1%) (Fig. 4). Activities of N-acq 
enzymes were found to be significantly increased by bio-
chars with lower C/N ratios (< 100), and by field and green-
house experiments but not in lab incubation experiments. 
Similarly, MBC was significantly increased by biochars 
produced from crop residues and urban wastes, by biochars 
with high pH (< 8) and low C/N ratios (> 100), and by all 
biochar application rates except the rate of 3–5%. The MBC 
was found to be significantly increased in the field but not in 
lab incubation and greenhouse experiments (Fig. 4).

4  Discussion

We showed that microbial biomass C and activities of ure-
ase, alkaline phosphatase, dehydrogenase and the enzymes 
involved in N-acquiring activities were significantly 
increased by biochar application to the soil although the 
magnitude of those increases varied widely with soil prop-
erties, the characteristics of biochar associated with feed-
stock, pyrolysis temperature, biochar application rate and 
experiment type. This meta-analysis also showed that none 
of the individual enzymes we studied and C-, N- and P-
acq enzymes activity were significantly reduced by biochar 
application although there are studies showing decreases in 
some of these enzyme activities in several experiments. The 
neutral and significantly positive effects of biochar applica-
tion on soil microbial biomass and enzyme activities shown 
by this study along with the negative effects of biochar on 
 CH4 and  N2O emission (e.g., Jeffery et al. 2016; Borchard 
et al. 2018) suggest the crucial roles biochars can play in 
enhancing soil quality while mitigating global climate 
change.

4.1  Biochar application increases soil microbial 
biomass C and some extra‑ and intracellular 
enzyme activities

In this meta-analysis, biochar application was found to 
significantly increase microbial biomass C and activities 
of some extracellular enzymes including N cycling (ure-
ase), P cycling (alkaline phosphatase) and intracellular 
enzyme (dehydrogenase). Similar to the results of Zhang 
et al. (2019), N-acq enzymes activities were found to be 
significantly increased in this meta-analysis, however, P-acq 

Fig. 2  Relationship of response ratio of MBC (RR_MBC) with 
response ratio of C-acq (RR_C-acq) and response ratio of N-acq 
(RR_N-acq) enzymes in biochar-amended acidic, neutral and alkaline 
soils
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enzymes activities were not significantly changed, the result 
is different from Zhang et al. (2019) where P-acq activities 
were shown to be significantly increased by 11% by biochar 
application. Probably the inclusion of more data points in 
our study (166) caused the disappearance of the effects of 
biochar on P-acq activities observed in Zhang et al. (2019) 
based on 76 data points.

The observed increase in these enzyme activities could 
be due to the increase in the availability of resources such 
as labile organic C (Kuzyakov et al. 2009) or the increase in 
reaction kinetics by improving soil matrix pH through addi-
tion of biochar (Van Zwieten et al. 2010; Gul et al. 2015). 
The increase in microbial and enzyme activities in the soil 
has also been referred to as the priming effect caused by 
biochar application to soil (Wardle et al. 2008; Zimmerman 
et al. 2011). Although the amount of labile C present in 
the biochar is generally much lower than the recalcitrant C 
present, the stimulation of short-term microbial growth and 
enzyme activities by addition of biochar to the soil have been 

reported in previous studies (Zimmerman et al. 2011; Far-
rell et al. 2013). The surfaces and pores of biochar provide 
habitat for microorganisms as well as increase the movement 
of air, water and nutrients within the soil matrix that can 
help promote microbial abundance and activities (Gul et al. 
2015). The protection of soil microorganisms (bacteria and 
fungi) from grazers or competitors on biochar pores has also 
been pointed out for the increase in microbial biomass and 
the activities of enzymes secreted by these microorganisms 
(Theis and Rillig 2009). In addition, the increase in soil tem-
perature by trapping heat due to biochar’s black color may 
speed up microbial growth and enzyme activities. However, 
further studies are warranted to assess the effect of biochar 
on increasing soil temperature that subsequently affected 
microbial and enzyme activities in the soil.

The increase in alkaline phosphatase activity in biochar-
amended soils suggests that (i) microbial demand for P 
increased, (ii) P availability in soil for microbial growth 
became limiting, or (iii) a combination of both occurred 

Fig. 3  Change in soil nitrogen 
acquisition (N-acq) enzyme 
activities and microbial biomass 
carbon (MBC) in biochar 
amended soils under differ-
ent edaphic and experimental 
conditions. The bars represent 
95% confidence intervals and 
the number besides each bar 
represents sample size with 
the number of studies noted in 
parentheses
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(Nannipieri et al. 2002; Schimel and Weintraub 2003) in 
biochar-amended soils. Dehydrogenase activity that is con-
sidered to be a good indicator of metabolic activity was 
enhanced by the addition of labile organic C through bio-
char application (Serra-Wittling et al. 1995). The oxidative 
enzymes that mediate oxidation of phenolic compounds 
using oxygen were almost unchanged (although phenol 
oxidase tended to decrease slightly) by biochar application, 
suggesting that biochar does not play crucial roles in key 
ecosystem functions of lignin degradation, humification 
of aromatic ring-containing xenobiotic chemicals and dis-
solved organic C export (Sinsabaugh 2010). Phenol oxidase 

is primarily produced by fungi (Burke and Cairney 2002), 
the decreasing tendency of this enzyme activity can poten-
tially be linked to the decrease in fungal biomass due to the 
increase in soil pH by biochar addition (Rousk et al. 2009).

Biochar addition shows contrasting effects on C- and 
N-acquiring enzyme activities in response to its effect 
on microbial biomass increase particularly in acidic soils 
although the effects were not significant in neutral and alka-
line soils (Fig. 2). The decrease in RR_C-acq enzyme with 
an increase in RR_MBC indicates that the increase in MBC 
by biochar addition tends to decrease C-acq enzyme activi-
ties in the soil. Biochar addition increases labile C content 

Fig. 4  Change in soil nitrogen 
acquisition (N-acq) enzyme 
activities and microbial biomass 
carbon (MBC) in soils amended 
with biochars with different 
properties. The bars represent 
95% confidence intervals and 
the number besides each bar 
representing sample size with 
the number of studies noted in 
parentheses
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in the soil that leads to an increase in microbial biomass. 
With an increase in easily available C source, microorgan-
ism allocate less energy to produce C-acq enzymes to reduce 
costs and maximize resource returns (Allison and Vitousek 
2005). Since N contained in the biochar added to the soil is 
generally not easily available for microbial consumption, 
microorganisms have to produce more N-acq enzymes to 
meet the increasing microbial demand of N when external 
N added to the soil (such as through biochar addition) is 
not readily available (Moorhead and Sinsabaugh 2006). The 
increase in N-acq enzyme activities by biochar addition 
indicates that microorganisms in these soils are N-limited 
(Talbot and Treseder 2012) possibly caused by high C/N 
ratios of biochars that can lead to N immobilization in soil 
(Bengtsson et al. 2003).

4.2  Biochar‑induced changes in soil MBC 
and enzyme activities vary with soil conditions

Similar to results in a previous meta-analysis (Zhang et al. 
2019) and other published studies, this meta-analysis also 
shows that biochar-induced changes in soil MBC and 
enzyme activities vary widely with soil conditions. Biochar’s 
effect was more pronounced in soils with acidic pH than the 
soils with neutral and alkaline pH as demonstrated by the 
significant increase in MBC and N-acq in the acidic soils. 
Most of the biochars have alkaline pH, the addition of bio-
char thus may increase the pH of the soil by its liming effects 
(Clough et al. 2013; Gul et al. 2015; Nguyen et al. 2017), 
making the soil condition more favorable for microbial and 
enzymatic activities. The increase in N-acq enzyme might be 
linked to the decreased N availability to microorganisms by 
biochar addition because of the high metabolism of micro-
organisms due to the increased pH as limited N availabil-
ity can stimulate enzyme production (Allison and Vitousek 
2005). Since enzyme production is N and energy-intensive 
process, microorganisms produce enzymes at the expense of 
growth and metabolism of microorganisms at lower nutrient 
availability (Allison and Vitousek 2005). Contrary to this, 
the theory of stimulation of enzyme production by the addi-
tion of complex sources to mobilize nutrients from these 
sources (Sinsabaugh and Moorhead 1994) can also explain 
the reason for increased N-acq enzyme in biochar-amended 
soil. The increase in N-acq enzyme activities in acidic soil 
by biochar application has an important implication in main-
taining soil health particularly in agricultural soils that are 
often severely degraded and acidified because of excessive 
use of inorganic fertilizer.

The significant increase in alkaline phosphatase (by 53%) 
but not in acid phosphatase activities by biochar applica-
tion in acidic soil shows highly sensitive nature of alka-
line phosphatase with pH change in biochar-amended soil. 
Acosta-Martinez and Tabatabai (2000) showed that alkaline 

phosphatase activities were increased by 97 times with the 
increase of a unit pH change resulting from liming in agri-
cultural soil. On the other hand, dehydrogenase activity 
was significantly increased only in the soil having pH range 
between 6.5 and 7.5 with no significant effects on acidic and 
alkaline soils. Since dehydrogenase activity can be used as 
an indicator of metabolic activity in the soil (Moeskops et al. 
2010), biochar was found to be ineffective to change the 
metabolic activity in acidic and alkaline soils. Although soil 
pH has been found to be the best predictor of dehydrogenase 
activity in different soils (Quilchano and Maranon 2002), 
the result of this meta-analysis suggests that dehydrogenase 
activities in biochar-amended soils are likely be affected 
more by factors other than the liming factor of biochar.

Another important soil factor that significantly affects 
MBC and enzymatic activities after biochar application is 
the native SOM. Biochar increased MBC and N-acq, ure-
ase and alkaline phosphatase activities in soils having rela-
tively lower SOM. Although we were not able to assess the 
change in soil organic C and N by biochar application in 
this meta-analysis as only a few studies (we considered in 
this study) have reported it, we assume that the addition of 
biochar might have increased the soil organic C significantly 
(as shown in a meta-analysis study by Liu et al. 2016) that 
could increase microbial and enzyme activities in the soils 
where these activities were limited by low availability of 
substrate as in the case of soil with low SOM (Ameloot 
et al. 2015). Soil MBC and N-acq, urease, alkaline phos-
phatase and dehydrogenase activities were found to increase 
in greenhouse and field experiments but not in lab incuba-
tion. In lab incubation, effects of biochar are assessed in a 
controlled environment, but field experiments involve many 
environmental factors that are not under control such as soil 
moisture and temperature that can have significant effects 
on enzyme activities (Steinweg et al. 2012), the effect of 
increasing soil temperature and moisture by biochar addi-
tion might be the cause for the increase in these activities in 
field experiments.

4.3  Biochar‑induced changes in soil MBC 
and enzyme activities vary with biochar 
properties

The overall response of biochar application on soil MBC 
and activities of most of the enzymes (we considered in this 
study) were positive, but the response differed in magnitude 
among C, N and P cycling enzymes as well as the biochar 
types. Biochar itself is a heterogeneous material (Czimczik 
et al. 2002; Downie et al. 2009; Keiluweit et al. 2010); the 
variations in biochar’s properties are induced by feedstock 
type and pyrolysis conditions (Kloss et al. 2012). The major 
variations occur in biochar pH, C/N ratio, surface area and 
porosity that can substantially change the microbial and 
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enzymatic activities in biochar-amended soil. The multiple 
regression analysis (data not shown) showed that biochar’s 
pH and C/N ratio and pyrolysis temperature and application 
rate could explain only a part (3–42%) of the total varia-
tion in weighted response ratios of microbial and enzyme 
activity change in biochar-amended soils. This result sug-
gests that other attributes such as surface area, porosity and 
labile C present in the biochar should also be considered 
to assess the effect of biochar application on microbial and 
enzyme activities in the soil. Among the biochar proper-
ties we studied in this meta-analysis, biochar’s pH has pro-
nounced effect in changing MBC, N-acq and urease activi-
ties. Biochar with high pH (> 10) made a significant increase 
but other biochars did not. Increasing pyrolysis temperature 
often produces biochar with higher pH that might be useful 
in increasing N-releasing enzyme activity in the soil (Gul 
et al. 2015). The biochars produced at a temperature range of 
350–550 °C showed a significant increase in these enzymes 
but not the biochar produced at lower pyrolysis temperature. 
The activities of dehydrogenase, however, was increased by 
biochar produced at low temperature (< 350 °C), biochars 
produced at low temperature can have significant amounts 
of volatile organic matter in the biochar that can stimulate 
dehydrogenase production to increase metabolic activity of 
the soil microorganisms for volatile organic matter decom-
position (Moeskops et al. 2010).

Another key factor to significantly affect N-acq, urease 
and dehydrogenase is C/N ratio of biochar. Biochar with low 
C/N ratio had significant positive effects but not the biochars 
with high C/N ratio. Although C/N ratio of soil is negatively 
correlated with enzyme activities (Geisseler and Horwath 
2009), addition of biochars (which have generally much 
higher C/N ratio than that of soil) did not cause significant 
negative impacts on enzyme activities. In biochar-amended 
soil, the effect of biochar addition may not be enough to have 
a substantial increase in soil’s C/N ratio for the significant 
negative impact on enzyme activities. Under feedstock type 
categories, manure-based biochars were found to increase 
urease, crop residue-based and wood-based biochars to 
increase alkaline phosphatase activities. One possible mech-
anism for the increase in these enzymes by adding biochars 
is the stimulation of corresponding enzyme production due 
to addition of organic N and P rich biochars to the soil as 
micro-organisms can produce more enzymes to mobilize 
mineral N and P from these added organic matters (Allison 
and Vitousek 2005).

5  Conclusions

Biochar application increased soil microbial biomass and 
activities of some of the enzymes we studied although 
the magnitude of increase in microbial biomass and those 

enzymatic activities differed widely with soil type and 
biochar property. Biochar application is not equally use-
ful in increasing microbial biomass and enzymatic activi-
ties in the soil over a wide range of soil pH, SOC and 
soil texture, as this study shows that biochar can increase 
microbial biomass and enzymatic activities in soils with 
lower pH, TC and TN, and in fine-textured soils but not in 
neutral, alkaline or coarse-textured soils. Before biochar 
application, determining some of the key soil character-
istics such as pH, SOC and texture is thus important to 
achieve the anticipated result of improving soil quality 
through increasing microbial biomass and stimulating 
enzymatic activities in biochar-amended soils. Similarly, 
due to availability of a wide range of feedstock types and 
pyrolysis conditions, biochars with diverse characteristics 
have been produced; optimizing biochar characteristics by 
selecting a particular feedstock and pyrolysis temperature 
can yield substantial benefit in improving soil quality, as 
this study shows that biochars with a higher pH, lower C/N 
ratio or produced at pyrolysis temperatures of 350–550 °C 
had greater effects on microbial biomass and enzymatic 
activities. The increase in N-acq and alkaline phosphatase 
activities by biochar application have important implica-
tions for agricultural soils that are extensively cultivated 
and have low crop productivity as such soils may have 
limited N and P availabilities.
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