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ABSTRACT: There are few long-term field studies on the effects of biochar on soil microbial 
abundance and diversity. This study aimed to evaluate doses of biochar in combination 
with mineral fertilizer on the activity and diversity of microorganisms in the soil of a 
sugarcane field. The experiment was carried out in a randomized block design, factorial 
5 × 2, with four replications: five doses of eucalyptus (Eucalyptus grandis Hill ex Maiden 
× Eucalyptus urophylla S.T. Blake) wood biochar (0, 10, 20, 30, and 40 Mg ha–1), with and 
without the application of nitrogen, phosphorus, and potassium (NPK) mineral fertilizer. Soil 
samples were collected from the sugarcane planting line and fertilized with biochar for two 
consecutive years. Regardless of the NPK fertilizer, over the two years of evaluation, the 
height growth of sugarcane plants and total organic carbon (TOC) increased linearly with 
biochar doses. For microbial biomass carbon (Cmic), soil basal respiration (SBR), metabolic 
quotient (qCO2), microbial quotient (qMIC), and Shannon diversity index (H), the highest 
values were obtained where fertility correction (WFC) treatments were applied, regardless 
of the year of evaluation, in biochar doses between 20 and 30 Mg ha–1. On the other hand, 
the highest CO2 efflux values were obtained with zero doses of biochar, regardless of the 
NPK fertilizer applied, over the two years of evaluation. Therefore, the incorporation of 
biochar and NPK fertilizer into the soil contributes to increasing the soil’s biological activity 
indicators and, consequently, the growth of sugarcane plants. It is essential to highlight the 
need for continuous assessments as the characteristics of biochar change over time.
Keywords: microbial biomass carbon, soil basal respiration, total organic carbon, metabolic 
quotient, microbial quotient
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Introduction

Biochar is a solid carbonaceous material resulting 
from the thermochemical conversion of biomass under 
anaerobic conditions, a process known as pyrolysis 
(Chen et al., 2019). The physical and chemical 
properties of biochar contribute to improving soil 
quality and fertilizer efficiency (Novair et al., 2023) 
and to mitigating the effects of organic and inorganic 
contaminants, such as antibiotics (Zhang et al., 2020) 
and heavy metals - potentially toxic trace elements 
(Cheng et al., 2017; Li et al., 2020; Nobaharan et al., 
2022), for example.

Biochar research is abundant, but only some long-
term field studies have been carried out. Consequently, 
several questions surround the economic viability of 
applying biochar on a large-scale, the longevity of the 
benefits, and the potential ecological risks of biochar 
application (Ghodszad et al., 2021).

As regards soil properties, biochar can modify 
the structure of the microbial community involved in 
various physical and chemical soil processes (Brtnicky 
et al., 2021; Fan et al., 2020; Zhang et al., 2020). In 
addition, as microorganisms are considered indicators 
of soil quality, determining the biological activity of 
the soil is essential to an assessment of the functional 
diversity of the microbiota (Mendes et al., 2019).

The microbial biomass carbon (Cmic), which 
represents the living fraction of soil organic matter 

(SOM), composed of actinomycetes, bacteria, and 
fungi, is one of the most sensitive biological indicators 
of environmental changes (Vance et al., 1987). Another 
widely used indicator is soil basal respiration (SBR), 
sensitive to environmental disturbances (Anderson, 
1982). SBR accounts for all metabolic functions that 
produce carbon dioxide (CO2). Additionally, the soil 
metabolic quotient (qCO2) is estimated by the ratio 
between SBR and Cmic, representing the ability of 
the microbiota to use the substrate present in the soil 
(Anderson and Domsch, 1993).

The measurement of total organic carbon (TOC) 
in the soil is also an indicator of quality and is related 
to aggregate formation and stability and, consequently, 
soil structure (Yeomans and Bremner, 1988). The 
microbial quotient (qMIC) is another biological 
indicator obtained by the ratio of Cmic and TOC 
associated with SOM (Sparling, 1992).

In this context, we hypothesize that the 
application of biochar contributes to the growth and 
reproduction of soil microbiota, which in turn alters 
microbial diversity. Thus, more detailed studies are 
needed to better understand the impact of biochar on 
the soil ecosystem under field conditions, which is 
constantly influenced by fluxes of matter and energy. 
This study aimed to evaluate doses of biochar in 
combination with mineral fertilizer on the activity and 
diversity of microorganisms in the soil of a sugarcane 
field.
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Biochar (BC) was obtained through slow pyrolysis, 
with a residence time of 48 h, from eucalyptus 
wood waste (branches) at 350 °C. After cooling, the 
biochar was crushed, sieved through a 5 mm mesh, 
and subsequently applied to the planting furrow, 
homogenized in the 0-20 cm depth layer. Biochar 
samples were taken to the laboratory to determine 
their chemical and physical properties (Table 1).

Sixty days prior to sugarcane planting, furrows 
of 20 cm depth were opened with a spacing of 1 m 
between rows, where the biochar was incorporated. 
After the biochar incorporation, the experimental 
area was irrigated to maintain soil moisture close to 
field capacity. Sugarcane was planted in July using 
the SP81-3250 variety, with ten viable buds per linear 
meter of planting furrow, making 100,000 plants ha–1. 
Experimental units consisted of four planting rows 
with 30 plants each, making 120 plants in total per plot. 
The usable area included 48 plants in the central region 
of each experimental unit. Irrigation of the sugarcane 
field was carried out using conventional sprinkler 
irrigation, and there was no need for inputs to control 
pests and diseases.

In July/Aug of the second and third years after 
planting, the height of the plants was evaluated, and 
the sugarcane stalks were harvested. The leaves and 
tops of the plants were left on the soil surface as straw. 
Two days before harvest, soil samples were collected 
from the 0-20 cm depth layer along the planting line. 
Soil samples were kept at 4 °C until analysis (Figure 1).

Materials and Methods

The experiment was conducted at the Universidade 
Federal de Minas Gerais, Montes Claros, Minas Gerais, 
Brazil (16°41’2.03” S, 43°50’19.28” W, altitude 646 
m). The climate of the region is classified, according 
to Köppen, as Aw, tropical with dry winters (Alvares 
et al., 2013). The chemical and physical attributes of 
the soil in the 0-20 cm depth layer were: pH (H2O) = 
6.3; TOC = 40.5 g kg–1; P (Mehlich-1) = 3.10 mg dm–3; 
K-exchangeable = 66.00 mg dm–3; Ca-exchangeable = 
6.5 cmolc dm–3; Mg-exchangeable = 3.20 cmolc dm–3; 
H + Al-total acidity = 2.20 cmolc dm–3; and medium 
texture.

The experimental design followed a completely 
randomized block arrangement in a factorial scheme 
(5 × 2) with four replications. The treatments were 
five biochar doses (0, 10, 20, 30, and 40 Mg ha–1) 
no soil fertility correction (NFC) with nitrogen, 
phosphorus and potassium (NPK) mineral fertilizer 
and with soil fertility correction (WFC) with NPK 
mineral fertilizer. For the WFC treatments, 13 kg 
ha–1 of N, 100 kg ha–1 of P2O5, and 33 kg ha–1 of K2O 
were applied at planting. Additionally, 90 days after 
planting, 100 kg ha–1 of K2O and 80 kg ha–1 of N were 
applied in coverage (top-dressing). Immediately after 
each top-dressing fertilization, the sugarcane field 
was irrigated. Top-dressing fertilization with K and N 
was repeated in subsequent years after the sugarcane 
harvest (Figure 1).

Figure 1 – Schematic representation of methodologies for determining total organic carbon (TOC), microbial biomass carbon (Cmic), soil 
basal respiration (SBR), carbon dioxide efflux (CO2 efflux), metabolic quotient (qCO2), microbial quotient (qMIC) and Shannon diversity 
index. Assessments were carried out in the second and third year after planting sugar cane (YAPS).
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On the third, fourth, fifth, and sixth days after 
harvesting, the soil CO2 efflux was evaluated on site 
using an infrared gas analyzer (IRGA) model LCpro-sd, 
coupled to an ADC Soil Hood chamber. Measurements 
per block were taken, one block per day, between 08h00 
and 12h00, with the aim of mitigating the influence of 
temperature.

Soil Cmic was assessed using the fumigation-
chloroform extraction method (Vance et al., 1987). Cmic 
was calculated using Eq. (1):

Cmic = (Fc – NFc) × kc				    (1)

where: Fc (fumigated) and NFc (non-fumigated) 
represent the CO2 released from fumigated and non-
fumigated soil samples, respectively, and kc a constant 
(0.33) representing the proportion of carbon from dead 
microbial biomass that is converted into CO2 during 
the incubation period (Sparling, 1992).

The oxidation method was used to determine the 
TOC content of the soil (Yeomans and Bremner, 1988). 
Soil basal respiration (SBR) was determined according 
to Anderson (1982), which involves measuring the 
amount of CO2 generated under aerobic incubation at 
25 °C for seven days. The qCO2 was estimated by the 
ratio between SBR and Cmic (Anderson and Domsch, 
1993), while qMIC was estimated by the ratio between 
Cmic and TOC (Sparling, 1992).

H was determined using Biolog Ecoplate 
microplates (Bloem et al., 2006), where each 
microplate consisted of three sets of 31 different 
carbon substrates (carboxylic acids, carbohydrates, 
polymers, amino acids, and starches), together 
with a control (no substrate). Each sample was 
introduced into a microplate and incubated at 28 
°C for 48 h. Microbial growth was assessed through 
spectrophotometry at 590 nm. The ability to utilize a 
carbon source was determined using Eq. (2) (Ibekwe 
and Kennedy, 1998):

WE
WA W

W
= ×

−( )
100

0

0
	  (2)

where: WE is the color development index, WA the 
absorbance of each well and W0 the blank absorbance. 
The condition for the reaction to be positive is that the 
WE should be greater than 100.

According to Eq. (3), the H comprises the richness 
of substrates and the intensity with which the microbiota 
used them (Wasilewska, 1995; Zak et al., 1994):

H = – ∑ pi lnpi	  (3)

where: H is the Shannon diversity index and pi the ratio 
between the utilization activity of a given substrate and 
the utilization activity of all substrates.

Data were submitted to analysis of variance 
(ANOVA) by F test (p < 0.05), and regression analysis 
was carried out in case of significance between biochar 
doses. Pearson correlation between the variables studied 
was determined. All statistical analyses were carried out 
using the R software, version 3.4.2.

Results

Sugarcane plants’ height growth increased linearly 
with biochar dose increase (Figure 2A). In the absence 
of biochar, the differences between the NFC and WFC 
treatments were more significant than between the 
highest doses of biochar. According to the regression 
equations applied to height growth as a function of 
biochar doses (Figure 2A), in the first sugarcane harvest, 
plant height was 2.21 and 2.64 m; in NFC and WFC 
treatments, respectively, with zero dose of biochar. 
With a dose of 40 Mg ha–1 of biochar, the heights were 
2.94 and 2.95 m, respectively, under the NFC and WFC 
treatments. In the second sugarcane harvest, plant 
height was 1.14 and 2.45 m with the zero dose and 1.72 
and 3.01 m with the 40 Mg ha–1 dose under the NFC and 
WFC treatments, respectively (Figure 2A).

In the two years of evaluation for TOC, there was no 
difference between NFC and WFC treatments (Figure 2B). 
On the other hand, TOC contents increased linearly with 
biochar doses. In the first year, TOC contents at zero and 40 
Mg ha–1 of biochar were 30.5 and 35.8 g kg–1, respectively. 
In the second year, TOC contents were 26.5 and 43.0 g 
kg–1, at zero and 40 Mg ha–1 of biochar, respectively (Figure 
2B).

For the soil Cmic, SBR, CO2 efflux, qCO2, qMIC, 
and H variables, there was an effect generated by the 
interaction between the doses of biochar and soil fertility 
correction (NFC and WFC), in both evaluation years (Table 
2). The Cmic, SBR, and qCO2 values were adjusted to a 

Table 1 – Chemical and physical properties of eucalyptus wood waste biochar.
pH H O C N P Ca Mg S

--------------------------------------------------------------------- mg kg–1 ---------------------------------------------------------------------
Mean 6.1 24.6 226 567 5.0 80.0 13.8 12.4 2.6
CI 0.1 1.8 11.8 20.1 0.4 6.1 6.1 11.9 6.4

Cu Zn Fe Mn Si Ni Pb Cd Density Ash
--------------------------------------------------------------------- mg kg–1 --------------------------------------------------------------------- g cm–3 %

Mean 51.5 270 1.43 56.9 798.6 5.20 3.03 4.50 0.45 10.00
CI 3.8 18.1 0.37 6.16 19.6 0.53 0.45 0.53 0.03 1.02
Mean (n) = 3; CI = confidence interval.
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quadratic model, regardless of the year of evaluation and 
application of NPK (Table 2). The highest Cmic values 
were observed under the NFC treatments, 389.51 mg 
microbial C kg–1, in the first year, and under the WFC 
treatments, 408.09 mg microbial C kg–1, in the second 
year (Table 2). Regardless of the NPK application, over 
the two years of evaluation, the highest Cmic values were 
obtained between the doses of 21.67 to 25.38 Mg ha–1 of 
biochar (Table 2).

For SBR, the highest values were obtained under 
the WFC treatments in the first and second years, 0.19 
and 0.20 mg C-CO2 kg–1 soil h–1, respectively. Biochar 
doses to obtain the highest SBR values ranged from 
22.75 to 23.50 Mg ha–1 (Table 2). Similarly, the highest 
qCO2 values were obtained under the WFC treatments 
in both the first and second years, 0.47 and 0.50 mg 
C-CO2 g–1 Cmic h–1, respectively (Table 2). The doses 
to obtain the highest qCO2 values ranged from 25.67 to 

Table 2 – Microbial biomass carbon (Cmic), soil basal respiration (SBR), CO2 efflux, metabolic quotient (qCO2), microbial quotient (qMIC), 
and Shannon diversity index (H) as a function of biochar doses in treatments without and with nitrogen, phosphorus, and potassium (NPK) 
fertilizer, in two years of evaluation. Year I = 2018; Year II = 2019. 

Variable Year NPK Equation R2 Xmax1 Ymax1

Cmic
mg C microbial kg–1

I
without y = 250.32 + 10.363**x – 0.2384**x2 0.87 21.73 389.51

with y = 261.55 + 11.81**x – 0.2725**x2 0.97 21.67 362.94

II
without y = 267.70 + 8.995**x – 0.205**x2 0.82 21.94 366.37

with y = 288.01 + 9.4621**x – 0.1864**x2 0.91 25.38 408.09

SBR
mg C-CO2 kg–1 soil h–1

I
without y = 0.0689 + 0.0057**x – 0.0001**x2 0.79 28.50 0.15

with y = 0.0788 + 0.0094**x – 0.0002**x2 0.93 23.50 0.19

II
without y = 0.0813 + 0.0059**x – 0.0001**x2 0.80 29.50 0.17

with y = 0.1002 + 0.0091**x – 0.0002**x2 0.93 22.75 0.20

CO2 efflux 
µmol m–2 s–1 

I
without y = 3.345 – 0.094**x + 0.002**x2 0.78 0.00 3.35

with y = 3.425 – 0.13**x + 0.0023x2 0.91 0.00 3.43

II
without y =3.5986 – 0.072**x + 0.0014**x2 0.92 0.00 3.60

with y = 3.7493 – 0.1396**x + 0.0024x2 0.88 0.00 3.75

qCO2

mg C-CO2 g–1 Cmic h–1 

I
without y = 0.2782 + 0.0069*x – 0.0001*x2 0.62 34.50 0.39

with y = 0.3001 + 0.0154**x – 0.0003**x2 0.69 25.67 0.47

II
without y = 0.3115 + 0.0081*x – 0.0002*x2 0.60 20.25 0.39

with y = 0.3483 + 0.0154**x – 0.0004*x2 0.62 19.25 0.50

qMIC
% 

I
without y = 0.8612 + 0.0214**x – 0.0006**x2 0.82 17.83 1.05

with y =0.8232 + 0.0426**x – 0.0011**x2 0.94 19.36 1.24

II
without y = 1.1288 – 0.0095**x 0.90 0.00 1.13

with y = 1.0449 + 0.0286**x – 0.0008**x2 0.90 17.88 1.30

H
I

without y = 1.1257 + 0.0994**x – 0.0021**x2 0.91 23.67 2.30
with y = 1.7036 + 0.0598**x – 0.0014**x2 0.75 21.35 2.34

II
without y = 1.3621 + 0.0826**x – 0.0012**x2 0.99 34.42 2.78

with y = 2.535 + 0.0213**x 0.82 40.00 3.39

Figure 2 – A) Growth in plant height of sugarcane and B) soil total organic carbon (TOC) content as a function of biochar doses in treatments 
with biochar without mineral fertilizer in the first year (BC – NPK/I) and the second year (BC – NPK/II) and in treatments with biochar 
and mineral fertilizer in the first year (BC + NPK/I) and the second year (BC + NPK/II). Year I = 2018; Year II = 2019. NPK = nitrogen, 
phosphorus, and potassium and BC = biochar.
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34.50 Mg ha–1 in the first year, while in the second year 
of evaluation the doses ranged from 19.25 to 20.25 Mg 
ha–1 (Table 2). The CO2 efflux values were adjusted to a 
quadratic model in the two years evaluated, regardless 
of the application of NPK (Table 2).

According to the fitted equations, the highest CO2 
efflux values were obtained at zero biochar doses and 
ranged from 3.35 to 3.75 µmol m–2 s–1. The lowest values, 
2.24 µmol m–2 s–1 (without NPK) and 1.59 µmol m–2 s–1 
(with NPK), were obtained with the corresponding doses 
of biochar 23.50 and 28.26 Mg ha–1, respectively, in the 
first year of evaluation. The lowest values were obtained 
in the second year with doses of 25.71 and 29.08 Mg 
ha–1 and corresponded to 2.67 and 1.72 µmol m–2 s–1, 
respectively, for the NFC and WFC treatments (Table 2).

In the first year of evaluation, under both the NFC 
and WFC treatments, the qMIC values were adjusted 
to a quadratic model as a function of biochar dose 
(Table 2). The highest values, under the NFC and WFC 
treatments, 1.05 % and 1.24 % were obtained at doses 
of 17.83 and 19.36 Mg ha–1, respectively. In the second 
year, under the NFC treatments, the qMIC values 
linearly decreased with biochar doses, while in the 
WFC treatments, the values were fitted to a quadratic 
model. Under the WFC treatments, the highest qMIC 
value was 1.30 %, with the dose corresponding to 17.88 
Mg ha–1 of biochar. On the other hand, in the NFC 
treatments, the highest value, 1.13 %, was obtained 
with a zero dose of biochar (Table 2).

The H fit a quadratic model, except for WFC 
treatments, in the second year of evaluation (Table 2). In 
the first year, the values were 2.30 and 2.34, with doses 
of 23.67 and 21.35 Mg ha–1, respectively, under the NFC 
and WFC treatments. In the second year, under the WFC 
treatments, the highest value, 3.39, was obtained with 
the dose of 40 Mg ha–1 of biochar, while under the NFC 
treatments, the highest value, 2.78, was obtained with 
the dose of 34.42 Mg ha–1 of biochar (Table 2).

The Cmic correlated positively with SBR, qCO2, 
qMIC and H index and negatively with CO2 efflux 
(Table 3). The SBR was positively correlated with qCO2 
and negatively correlated with CO2 efflux. The qCO2 
correlated positively with qMIC (Table 3).

Discussion

The height growth of sugarcane plants with increasing 
doses of biochar (Figure 2A) can be attributed to the 
improvement of the chemical, physical and biological 
properties of the soil. Biochar is a source of nutrients 
(Table 1) which contributes to increasing the cation 
exchange capacity of soils (Qian et al., 2023; Xu et al., 
2024). Due to the large porosity of the particles and 
specific surface, it favors the ability to retain water. It 
promotes an environment conducive to the development 
of microorganisms, such as mycorrhizal fungi (Zhao et 
al., 2023). In the second year of evaluation, the lower 
growth in height in the NFC treatment, mainly in the 
lower doses of biochar (Figure 2A), can be attributed 
to the nutrients exported by the sugarcane stalks in 
the first harvest. Consequently, there was a decrease in 
the capacity of the soil to supply these elements to the 
plants.

The TOC contents increased linearly with the 
amount of biochar incorporated into the soil (Figure 
2B). In addition to being a carbon source (Table 1), 
the aromatic structure of biochar is unfavorable to its 
biodegradation, which contributes to the maintenance 
of soil carbon stock over time. Other authors have 
also found an increase in TOC contents by applying 
biochar to the soil (Sun et al., 2021; Li et al., 2024). 
Undoubtedly, keeping sugarcane straw (harvest residue) 
on the soil surface contributes to increased TOC contents 
(Cherubin et al., 2021). Other researchers have reported 
that higher TOC levels resulting from the application of 
biochar and fertilizers may be associated, in addition to 
biochar being a source of carbon, to greater plant growth 
(root and shoot), greater leaf area index for production 
of photosynthesis and rhizodeposition and respiration of 
the roots provided by the greater availability of nutrients 
(Zhang et al., 2021). This study found that plant height 
growth increased linearly with biochar doses, with the 
highest values obtained in treatments with biochar and 
mineral fertilizer (Figure 2A).

The stability of pyrogenic carbon has been 
attributed to the maintenance of TOC stocks over time 
in soils that received biochar application (Oni et al., 
2019). According to these authors, carbon from wood-
derived biochar is highly recalcitrant in soils, with 
residence times between 100 and 1000 years, about 10-
1000 times longer than non-pyrolyzed organic matter. 
Thus, biochar can increase soil carbon stocks and is 
a promising technique for mitigating greenhouse gas 
emissions (Li et al., 2024).

The Cmic values, according to the adjusted 
equation model, increased up to doses of 20 to 25 Mg 
ha–1 (Table 2). Cmic represents the most active and 
dynamic reservoir of soil organic C and nutrients and 
corresponds, on average, to 2 to 5 % of the TOC. Thus, 
Cmic is directly related to the quantity and quality of 
SOM, being much more sensitive to soil management 
practices than TOC (Tao et al., 2023). In the present 

Table 3 – Pearson correlation coefficient between the variables 
microbial biomass carbon (Cmic), soil basal respiration (SBR), 
total organic carbon (TOC), CO2 efflux, metabolic quotient 
(ԛCO2), microbial quotient (qMIC), and Shannon diversity index 
(H). Mean of the two years of evaluation, 2018 and 2019.

Variable Cmic SBR TOC CO2 efflux qCO2 qMIC
SBR 0.85** - - - - -
TOC 0.34NS 0.27NS - - - -
CO2 efflux –0.76** –0.68* –0.70* - - -
qCO2 0.61* 0.93** 0.21NS –0.51* - -
qMIC 0.63* 0.70** –0.26NS –0.30NS 0.60* -
H 0.68* 0.61* 0.38NS –0.46NS 0.47NS 0.20NS

**, * and NS, significant at 1 %, 5 % and not significant, respectively.
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study, the final pyrolysis temperature was 350 °C. At 
this temperature, organic material, such as lignin, has 
not been wholly pyrolyzed.

In addition to biochar, the different amounts of 
residues, mainly leaves, deposited on the soil surface 
during plant growth until harvest may have influenced 
the Cmic. Under treatments with higher doses of 
biochar, there was greater plant growth in height (Figure 
2A) and, consequently, a greater number of leaves 
deposited on the soil surface. Furthermore, higher doses 
of biochar incorporated carbon into the soil in more 
recalcitrant forms. Although it is unclear which factors 
influenced the Cmic, it can be inferred that the amount 
of sugarcane and biochar residues altered the quality 
and the carbon/nutrient ratio of SOM.

The reduction in the activity of microorganisms 
associated with Cmic at doses above 20 to 25 Mg kg–1 
of biochar (Table 2) is reinforced by the SBR and qCO2 
values (Table 2). As observed for Cmic, the highest 
SBR and qCO2 were obtained at intermediate doses 
of biochar (Table 2). The factors that influenced Cmic 
values discussed earlier may have affected SBR and 
qCO2. Corroborating this hypothesis was the positive 
correlation between Cmic and TOC, SBR, and qCO2 
(Table 3), regardless of the year of assessment, biochar 
dose or NPK application. The SBR and qCO2 are related 
to the efficiency of microbial biomass, as the reduction 
in SBR and qCO2 values indicates that less carbon 
in the form of CO2 is being lost through respiration 
and, consequently, more carbon is incorporated 
into microbial tissues (Pires et al., 2020). In general, 
incorporating biochar into the soil reduces CO2 
emissions by up to 21 % compared to incorporating 
non-pyrolyzed raw materials (Zhou et al., 2017). Thus, 
lower qCO2 values observed at higher doses of biochar 
(Table 2) may indicate less environmental stress and 
favor the soil microbial population with better habitat 
and optimization of carbon use (Li et al., 2021).

The incorporation of biochar into the soil increased 
the qMIC up to doses of 17 and 19 Mg ha–1 (Table 2). 
The reduction in qMIC at higher doses of biochar may 
be associated with the fact that biochar is a carbon-rich 
material (Table 1) since the qMIC was estimated by 
the relationship between Cmic and TOC. Thus, higher 
doses of biochar increased the TOC content (Figure 2B) 
and, consequently, reduced the qMIC values (Table 2). 
The qMIC is used as an indicator of the mineralization 
potential of organic matter. The lower the values of qMIC 
in the soil, the lower the tendency for mineralization of 
organic matter (Liyanage et al., 2021) and, therefore, the 
lower the emission of CO2 into the atmosphere.

For the CO2 efflux from the soil determined “in 
loco”, in the two years of evaluation, lower values were 
found with the increase in biochar doses, regardless 
of the application of NPK (Table 2). CO2 efflux values 
were negatively correlated with Cmic, SBR, and TOC, 
indicating that, regardless of the environmental factors 
that affect carbon dioxide diffusivity in the soil, the 

higher the values of these variables, the lower the 
soil CO2 efflux. The efflux of CO2 from the soil or soil 
respiration is related to the carbon emitted by plant 
roots, the activity of microorganisms and the oxidation 
of organic matter, and the environmental factors such 
as temperature and humidity, soil management, which 
affect the diffusivity of CO2 in the soil (Nissan et al., 
2023; Vigricas et al., 2024).

As regards microbial diversity, the addition of 
biochar to the soil significantly increased the Shannon 
index (Table 2). The highest values for the Shannon Index 
are related to the greater diversity of the soil microbial 
community, which favors the survival of microorganisms 
in stressful situations, promoted, for example, by 
agricultural activities (Wang et al., 2020; Osburn et al., 
2023). Other studies have also observed an increase in 
the Shannon index due to the addition of biochar to the 
soil (Gao et al., 2021; Yan et al., 2020; Zhou et al., 2019). 
According to these authors, biochar improvements in 
soil chemical and physical properties favor both soil 
microorganisms and plants, which contribute carbon to 
the soil via biomass and rhizodeposition. Furthermore, 
biochar particles have a high specific surface and porosity, 
which provide a favorable habitat for microorganisms. 
Thus, the complexity of the matrix and the composition 
of biochars, depending on the raw material and pyrolysis 
conditions, affect soil microorganisms differently from 
non-pyrolyzed organic residues.

Shannon index values were positively correlated 
with Cmic, since this index measures fungi, bacteria, 
actinomycetes, protozoa, algae, and soil microfauna. It 
indicated that over time, there was an increase in the 
diversity of the soil microbial community with biochar, 
especially when combined with NPK, which favored 
an increase in SBR (Table 2). Furthermore, biochar’s 
chemical composition and physical structure alter soil 
properties and directly affect the microbial population 
(Liu et al., 2023; Xiao et al., 2024). Regardless of the 
biochar dose, in general, treatments fertilized with NPK 
mineral fertilizers showed higher Cmic, SBR, qCO2, 
qMIC, and Shannon index values and lower CO2 efflux 
values (Table 2) when compared to treatments without 
the addition of biochar. These results can be attributed 
to changes in carbon/nutrient ratios, which altered 
the activity of soil microorganisms (Shi and Liu, 2021; 
Nissan et al., 2023; Vigricas et al., 2024). Sugarcane 
waste is rich in recalcitrant compounds such as lignin, 
cellulose and hemicellulose, while biochar has more 
stable forms of carbon (Lopes et al., 2021). However, the 
lower carbon/nutrient ratios resulting from the addition 
of NPK may have favored faster oxidation, both of the 
sugarcane straw deposited on the soil surface and of the 
biochar.

In general, the values of the variables Cmic, SBR, 
qCO2, qMIC, and Shannon index, in the two years 
of evaluation, regardless of the application of NPK, 
increased up to the intermediate doses of biochar, 
stabilizing or presenting a slight reduction from the 20 to 
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30 Mg ha–1 doses (Table 2). On the other hand, CO2 efflux 
was more significant at lower doses of biochar, while 
TOC increased linearly (Table 2). A possible hypothesis 
to explain these results is the priming effect resulting 
from the addition of biochar to the soil. The priming 
effect is understood as intense short-term changes in the 
recycling of SOM caused, for example, by the addition of 
organic matter to the soil (Zhang et al., 2019). This effect 
refers to the acceleration of SOM mineralization when 
organic materials are added to the soil. 

In contrast, the delay in SOM mineralization 
refers to the negative priming effect. In the present 
study, the acceleration of organic matter mineralization 
for intermediate doses can be understood as a positive 
priming effect since biochar adds soluble organic 
compounds to the soil and favors TOC mineralization. 
On the other hand, at higher doses of biochar, more stable 
amounts of carbon and higher carbon/nutrient ratios 
may have contributed to a lower TOC mineralization 
rate, that is to say, a negative priming effect. In addition 
to biochar, sugarcane straw may have contributed to the 
negative priming effect at higher doses of biochar over 
time.

It is important to point out that applying biochar 
to the soil can contribute to the maintenance of TOC, 
thereby reducing carbon losses in the form of CO2 and 
altering soil microbial activity and diversity. Higher 
doses of biochar may have contributed to lower carbon 
emissions in the form of CO2, as suggested by higher 
TOC contents (Figure 2B) and lower CO2 efflux values 
(Table 2), which favor carbon sequestration in the 
ground. 

Considering this hypothesis, it can be inferred 
that, soon after the incorporation of biochar into the 
soil, mineralization of more soluble organic compounds 
occurred, including the TOC native to the soil (positive 
priming effect). In the first evaluation, one year after the 
incorporation of biochar into the soil (first year), there 
may have been a predominance of more stable forms 
of pyrolyzed carbon. A similar trend was observed in 
the second year of evaluation. In addition, the highest 
values of Cmic (Table 2) indicate greater efficiency of 
carbon assimilation by microorganisms in higher doses 
of biochar since Cmic represents the most significant 
proportion of biomass formed per unit of carbon and the 
smallest amount of mineralized carbon of CO2 (Vance et 
al., 1987; Sparling, 1992; Tao et al., 2023).

Another hypothesis is related to the complexity 
of the biochar matrix, which has a high porosity and 
specific surface and contributes to the growth and 
diversity of the population of microorganisms (Chen 
et al., 2018). It protects the organic matter from 
microorganisms and extracellular enzymes. According 
to this hypothesis, organic complexes would be 
formed, for example, by binding organic compounds 
to the surfaces of biochar particles by cationic bridges, 
protecting these compounds from heterotrophic 
microorganisms in the soil. By the same mechanism, 

extracellular enzymes can also be adsorbed to biochar 
particles and thus inhibit TOC mineralization. These 
reactions can also physically affect the formation of 
aggregates and protect the TOC from the action of 
microorganisms and extracellular enzymes. Other 
authors have proposed similar mechanisms when 
studying the effect of applying doses of retorted oil 
shale on the evolution of CO2, Cmic and soil enzymatic 
activity (Doumer et al., 2011). Corroborating the 
results of the present research, in a study carried out in 
the same experimental area, an increase in the activity 
of the enzymes β-glucosidase, acid phosphatase, and 
urease was observed up to doses of 27, 24 and 34 Mg 
ha–1 of biochar incorporated into the soil, respectively 
(Lopes et al., 2021). With these doses, there was 
stabilization or reduction in the activity of these 
enzymes, which aligns with the hypotheses proposed 
to explain the CO2 efflux results.

Regardless of the NPK fertilizer, during the two 
years of evaluation, the height growth of sugarcane 
plants and TOC increased linearly with the biochar 
doses. For Cmic, SBR, qCO2, qMIC and H, the highest 
values were obtained under WFC treatments, regardless 
of the year of evaluation, in biochar doses between 20 
and 30 Mg ha–1. On the other hand, the highest CO2 
efflux values were obtained with zero doses of biochar, 
regardless of the NPK fertilizer, over the two years of 
evaluation. 

We, as well as other authors (Zhang et al., 2020; 
Ghodszad et al., 2021; Novair et al., 2023), recommend 
the continuous evaluation of the effects of biochars 
on soil biological processes and the monitoring of 
risks to the environment, since biochars age over time 
after application to the soil and, consequently, their 
characteristics change.

Acknowledgments

Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior (CAPES), Conselho Nacional de 
Desenvolvimento Científico e Tecnológico (CNPq), and 
Fundação de Amparo à Pesquisa do Estado de Minas 
Gerais (FAPEMIG) for providing scholarships and 
financial support.

Authors’ Contributions

Conceptualization: Lopes EMG, Mota MFC, 
Fernandes LA. Data curation: Mota MFC. Formal 
analysis: Mota MFC. Funding acquisition: Fernandes 
LA. Investigation: Lopes EMG, Santos Júnior JM, 
Reis MM, Frazão LA. Methodology: Lopes EMG, 
Mota MFC, Fernandes LA. Project administration: 
Lopes EMG. Validation: Lopes EMG, Fernandes LA. 
Visualization: Mota MFC. Writing – original draft: 
Lopes EMG. Writing – review & editing: Santos Júnior 
JM, Reis MM, Frazão LA, Fernandes LA. Supervision: 
Fernandes LA. 



8

Lopes et al. Biochar on soil microbial activity

Sci. Agric. v.81, e20230289, 2024

References

Alvares CA, Stape JL, Sentelhas PC, Gonçalves JLM, Sparovek 
G. 2013. Köppen’s climate classification map for Brazil. 
Meteorologische Zeitschrift 22: 711-728. https://doi.
org/10.1127/0941-2948/2013/0507

Anderson JPE. 1982. Soil respiration. p. 831-871. In: Page 
AL. eds. Methods of soil analysis, Part 2: Chemical and 
microbiological properties. American Society of Agronomy, 
Madison, WI, USA.

Anderson T, Domsch KH. 1993. The metabolic quotient for CO2 
(qCO2) as a specific activity parameter to assess the effects 
of environmental conditions, such as pH, on the microbial 
biomass of forest soils. Soil Biology and Biochemistry 25: 393-
395. https://doi.org/10.1016/0038-0717(93)90140-7

Bloem J, Hopkins DW, Benedetti A. 2006. Microbiological 
methods for assessing soil quality. CABI, Wallingford, UK.

Brtnicky M, Datta R, Holatko J, Bielska L, Gusiatin ZM, Kucerik 
J, et al. 2021. A critical review of the possible adverse 
effects of biochar in the soil environment. Science of the 
Total Environment 796: e148756. https://doi.org/10.1016/j.
scitotenv.2021.148756

Cheng J, Lee X, Gao W, Chen Y, Pan W, Tang Y. 2017. Effect of 
biochar on the bioavailability of difenoconazole and microbial 
community composition in a pesticide-contaminated soil. 
Applied Soil Ecology 121: 185-192. https://doi.org/10.1016/j.
apsoil.2017.10.009

Chen J, Sun X, Zheng J, Zhang X, Liu X, Bian R, et al. 2018. 
Biochar amendment changes temperature sensitivity of soil 
respiration and composition of microbial communities 3 years 
after incorporation in an organic carbon-poor dry cropland 
soil. Biology and Fertility of Soils 54: 175-188. https://doi.
org/10.1007/s00374-017-1253-6

Chen W, Meng J, Han X, Lan Y, Zhang W. 2019. Past, present, 
and future of biochar. Biochar 1: 75-87. https://doi.org/10.1007/
s42773-019-00008-3

Cherubin MR, Bordonal RO, Castioni GA, Guimarães EM, Lisboa 
IP, Moraes LAA, et al. 2021. Soil health response to sugarcane 
straw removal in Brazil. Industrial Crops and Products 163: 
113315. https://doi.org/10.1016/j.indcrop.2021.113315

Doumer ME, Giacomini SJ, Silveira CAP, Weiler DA, Bastos LM, 
Freitas LL. 2011. Microbial and enzymatic activities in the soil 
after application of retorted oil shale. Pesquisa Agropecuária 
Brasileira 11: 1538-1546 (in Portuguese, with abstract in 
English). https://doi.org/10.1590/S0100-204X2011001100016

Fan S, Zuo J, Dong H. 2020. Changes in soil properties and 
bacterial community composition with biochar amendment 
after six years. Agronomy 10: 746. https://doi.org/10.3390/
agronomy10050746

Gao M, Yang J, Liu C, Gu B, Han M, Li J, et al. 2021. Effects 
of long-term biochar and biochar-based fertilizer application 
on brown earth soil bacterial communities. Agriculture, 
Ecosystems & Environment 309: 107285. https://doi.
org/10.1016/j.agee.2020.107285

Ghodszad L, Reyhanitabar A, Maghsoodi MR, Lajayer BA, Chang 
SX. 2021. Biochar affects the fate of phosphorus in soil and 
water: a critical review. Chemosphere 283: 131176. https://doi.
org/10.1016/j.chemosphere.2021.131176

Ibekwe AM, Kennedy AC. 1998. Phospholipid fatty acid profiles 
and carbon utilization patterns for analysis of microbial 
community structure under field and greenhouse conditions. 
FEMS Microbiology Ecology 26: 151-163. https://doi.
org/10.1111/j.1574-6941.1998.tb00501.x

Li D, Zhao R, Peng X, Ma Z, Zhao Y, Gong T, et al. 2020. Biochar-
related studies from 1999 to 2018: a bibliometrics-based review. 
Environmental Science and Pollution Research 27: 2898-2908. 
https://doi.org/10.1007/s11356-019-06870-9

Li S, Ma Q, Zhou C, Yu W, Shangguan Z. 2021. Applying biochar 
under topsoil facilitates soil carbon sequestration: a case study 
in a dryland agricultural system on the Loess Plateau. Geoderma 
403: 115186. https://doi.org/10.1016/j.geoderma.2021.115186

Li X, Wu D, Liu X, Huang Y, Cai A, Xu H, et al. 2024. A global 
dataset of biochar application effects on crop yield, soil 
properties, and greenhouse gas emissions. Scientific Data 11: 
57. https://doi.org/10.1038/s41597-023-02867-9

Liu H, Li C, Lin Y, Chen Y, Zhang Z, Wei K, et al. 2023. Biochar 
and organic fertilizer drive the bacterial community to improve 
the productivity and quality of Sophora tonkinensis in cadmium-
contaminated soil. Frontiers in Microbiology 14: 1334338. 
https://doi.org/10.3389/fmicb.2023.1334338

Liyanage LRMC, Sulaiman MF, Ismail R, Gunaratne GP, 
Dharmakeerthi RS, Rupasinghe MGN, et al. 2021. Carbon 
mineralization dynamics of organic materials and their usage in 
the restoration of degraded tropical tea-growing soil. Agronomy 
11: 1191. https://doi.org/10.3390/agronomy11061191 

Lopes ÉMG, Reis MM, Frazão LA, Terra LEM, Lopes EF, Santos 
MM, et al. 2021. Biochar increases enzyme activity and total 
microbial quality of soil grown with sugarcane. Environmental 
Technology & Innovation 21: 101270. https://doi.org/10.1016/j.
eti.2020.101270

Mendes IC, Souza LM, Sousa DMG, Lopes AAC, Reis Junior 
FB, Lacerda MPC, et al. 2019. Critical limits for microbial 
indicators in tropical Oxisols at post-harvest: the FERTBIO soil 
sample concept. Applied Soil Ecology 139: 85-93. https://doi.
org/10.1016/j.apsoil.2019.02.025

Nissan A, Alcolombri U, Peleg N, Galili N, Jimenez-Martinez 
J, Molnar P,  et al.  2023. Global warming accelerates soil 
heterotrophic respiration. Nature Communications 14: 3452. 
https://doi.org/10.1038/s41467-023-38981-w

Nobaharan K, Abtahi A, Lajayer BA, van Hullebusch ED. 2022. 
Effects of biochar dose on cadmium accumulation in spinach 
and its fractionation in a calcareous soil. Arabian Journal of 
Geosciences 15: 336. https://doi.org/10.1007/s12517-022-09608-z

Novair SB, Cheraghi M, Faramarzi F, Lajayer BA, Senapathi 
V, Astatkie T, et al. 2023. Reviewing the role of biochar in 
paddy soils: an agricultural and environmental perspective. 
Ecotoxicology and Environmental Safety 263: 115228. https://
doi.org/10.1016/j.ecoenv.2023.115228

Oni BA, Oziegbe O, Olawole OO. 2019. Significance of biochar 
application to the environment and economy. Annals of 
Agricultural Sciences 64: 222-236. https://doi.org/10.1016/j.
aoas.2019.12.006

Osburn ED, Yang G, Rillig MC, Strickland MS. 2023. Evaluating 
the role of bacterial diversity in supporting soil ecosystem 
functions under anthropogenic stress. ISME Communications 
3: 66. https://doi.org/10.1038/s43705-023-00273-1

https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1016/0038-0717(93)90140-7
https://doi.org/10.1016/j.scitotenv.2021.148756
https://doi.org/10.1016/j.scitotenv.2021.148756
https://doi.org/10.1016/j.apsoil.2017.10.009
https://doi.org/10.1016/j.apsoil.2017.10.009
https://doi.org/10.1007/s00374-017-1253-6
https://doi.org/10.1007/s00374-017-1253-6
https://doi.org/10.1007/s42773-019-00008-3
https://doi.org/10.1007/s42773-019-00008-3
https://doi.org/10.1016/j.indcrop.2021.113315
https://doi.org/10.1590/S0100-204X2011001100016
https://doi.org/10.3390/agronomy10050746
https://doi.org/10.3390/agronomy10050746
https://doi.org/10.1016/j.agee.2020.107285
https://doi.org/10.1016/j.agee.2020.107285
https://doi.org/10.1016/j.chemosphere.2021.131176
https://doi.org/10.1016/j.chemosphere.2021.131176
https://doi.org/10.1111/j.1574-6941.1998.tb00501.x
https://doi.org/10.1111/j.1574-6941.1998.tb00501.x
https://doi.org/10.1007/s11356-019-06870-9
https://doi.org/10.1016/j.geoderma.2021.115186
https://doi.org/10.1038/s41597-023-02867-9
https://doi.org/10.3389/fmicb.2023.1334338
https://doi.org/10.3390/agronomy11061191
https://doi.org/10.1016/j.eti.2020.101270
https://doi.org/10.1016/j.eti.2020.101270
https://doi.org/10.1016/j.apsoil.2019.02.025
https://doi.org/10.1016/j.apsoil.2019.02.025
https://doi.org/10.1038/s41467-023-38981-w
https://doi.org/10.1007/s12517-022-09608-z
https://doi.org/10.1016/j.ecoenv.2023.115228
https://doi.org/10.1016/j.ecoenv.2023.115228
https://doi.org/10.1016/j.aoas.2019.12.006
https://doi.org/10.1016/j.aoas.2019.12.006
https://doi.org/10.1038/s43705-023-00273-1


9

Lopes et al. Biochar on soil microbial activity

Sci. Agric. v.81, e20230289, 2024

Pires MFM, Medeiros JC, Souza HA, Rosa JD, Boechat CL, Mafra 
AL, et al. 2020. Conservation system improves soil microbial 
quality and increases soybean yield in the Northeastern 
Cerrado. Bragantia 79: 599-611. https://doi.org/10.1590/1678-
4499.20200117

Qian S, Zhou X, Fu Y, Song B, Yan H, Chen Z, et al. 2023. Biochar-
compost as a new option for soil improvement: Application in 
various problem soils. Science of The Total Environment 870: 
e162024. https://doi.org/10.1016/j.scitotenv.2023.162024

Shi L, Liu Z. 2021. Stoichiometric characteristics of microbial 
biomass in oil-contaminated soil in the loess hilly region. 
Annals of Microbiology 71: 29. https://doi.org/10.1186/s13213-
021-01637-5

Sparling GP. 1992. Ratio of microbial biomass carbon to soil 
organic carbon as a sensitive indicator of changes in soil 
organic matter. Australian Journal of Soil Research 30: 195-207. 
https://doi.org/10.1071/SR9920195 

Sun Q, Meng J, Lan Y, Shi G, Yang X, Cao D, et al. 2021. Long-
term effects of biochar amendment on soil aggregate stability 
and biological binding agents in brown earth. Catena 205: 
105460. https://doi.org/10.1016/j.catena.2021.105460

Tao F, Huang Y, Hungate BA,  Manzoni S, Frey SD, Schmidt 
MWI, et al.  2023. Microbial carbon use efficiency promotes 
global soil carbon storage.  Nature  618: 981-985. https://doi.
org/10.1038/s41586-023-06042-3

Vance ED, Brookes PC, Jenkinson DS. 1987. An extraction 
method for measuring soil microbial biomass C. Soil Biology 
and Biochemistry 19: 703-707. https://doi.org/10.1016/0038-
0717(87)90052-6

Vigricas E, Čiuldienė D, Armolaitis K, Valujeva K, Laiho R, 
Jauhiainen J, et al. 2024. Total soil CO2  efflux from drained 
Terric Histosols.  Plants 13: 139. https://doi.org/10.3390/
plants13010139

Wang W, Han L, Zhang X. 2020. Winter cover crops effects on soil 
microbial characteristics in sandy areas of Northern Shaanxi, 
China. Revista Brasileira de Ciência do Solo. 44: e0190173. 
https://doi.org/10.36783/18069657rbcs20190173

Wasilewska L. 1995. Differences in development of soil nematode 
communities in single- and multi-species grass experimental 
treatments. Applied Soil Ecology 2: 53-64. https://doi.
org/10.1016/0929-1393(94)00037-8

Xiao Y, Zhou G, Qiu X, Liu F, Chen L, Zhang J. 2024. Biodiversity 
of network modules drives ecosystem functioning in biochar-
amended paddy soil. Frontiers in Microbiology 15: 1341251. 
https://doi.org//10.3389/fmicb.2024.1341251

Xu W, Xie X, Li Q, Yang X, Ren J, Shi Y, et al. 2024. Biochar 
co-pyrolyzed from peanut shells and maize straw improved 
soil biochemical properties, rice yield, and reduced cadmium 
mobilization and accumulation by rice: biogeochemical 
investigations. Journal of Hazardous Materials 466: e133486. 
https://doi.org/10.1016/j.jhazmat.2024.133486

Yan S, Zhao J, Ren T, Liu G. 2020. Correlation between soil 
microbial communities and tobacco aroma in the presence of 
different fertilizers. Industrial Crops and Products 151: 112454. 
https://doi.org/10.1016/j.indcrop.2020.112454

Yeomans JC, Bremner JM. 1988. A rapid and precise method 
for routine determination of organic carbon in soil. 
Communications in Soil Science and Plant Analysis 19: 1467-
1476. https://doi.org/10.1080/00103628809368027

Zak JC, Willig MR, Moorhead DL, Wildman HG. 1994. Functional 
diversity of microbial communities: a quantitative approach. 
Soil Biology and Biochemistry 26: 1101-1108. https://doi.
org/10.1016/0038-0717(94)90131-7

Zhang G, Zhao Z, Zhu Y. 2020. Changes in abiotic dissipation 
rates and bound fractions of antibiotics in biochar-amended 
soil. Journal of Cleaner Production 256: 120314. https://doi.
org/10.1016/j.jclepro.2020.120314

Zhang S, Li Y, Singh BP, Wang H, Cai X, Chen J, et al. 2021. 
Contrasting short-term responses of soil heterotrophic and 
autotrophic respiration to biochar-based and chemical fertilizers 
in a subtropical Moso bamboo plantation. Applied Soil Ecology 
157: 103758. https://doi.org/10.1016/j.apsoil.2020.103758

Zhang Z, Wang W, Qi J, Zhang H, Tao F, Zhang R. 2019. Priming 
effects of soil organic matter decomposition with addition of 
different carbon substrates. Journal of Soils and Sediments 19: 
1171-1178. https://doi.org/10.1007/s11368-018-2103-3

Zhao Y, Li X, Li Y, Bao H, Xing J, Zhu Y, et al. 2023. Biochar acts as 
an emerging soil amendment and its potential ecological risks: 
a review. Energies 16: 410. https://doi.org/10.3390/en16010410

Zhou H, Zhang D, Wang P, Liu X, Cheng K, Li L, et al. 2017. 
Changes in microbial biomass and the metabolic quotient 
with biochar addition to agricultural soils: A Meta-analysis. 
Agriculture, Ecosystems & Environment 239: 80-89. https://
doi.org/10.1016/j.agee.2017.01.006

Zhou Z, Gao T, Van Zwieten L, Zhu Q, Yan T, Xue J, et al. 2019. 
Soil microbial community structure shifts induced by biochar 
and biochar-based fertilizer amendment to karst calcareous 
soil. Soil Science Society of America Journal 83: 398-408. 
https://doi.org/10.2136/sssaj2018.08.0297

https://doi.org/10.1590/1678-4499.20200117
https://doi.org/10.1590/1678-4499.20200117
https://doi.org/10.1016/j.scitotenv.2023.162024
https://doi.org/10.1186/s13213-021-01637-5
https://doi.org/10.1186/s13213-021-01637-5
https://doi.org/10.1071/SR9920195
https://doi.org/10.1016/j.catena.2021.105460
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.3390/plants13010139
https://doi.org/10.3390/plants13010139
https://doi.org/10.36783/18069657rbcs20190173
https://doi.org/10.1016/0929-1393(94)00037-8
https://doi.org/10.1016/0929-1393(94)00037-8
https://doi.org//10.3389/fmicb.2024.1341251
https://doi.org/10.1016/j.jhazmat.2024.133486
https://doi.org/10.1016/j.indcrop.2020.112454
https://doi.org/10.1080/00103628809368027
https://doi.org/10.1016/0038-0717(94)90131-7
https://doi.org/10.1016/0038-0717(94)90131-7
https://doi.org/10.1016/j.jclepro.2020.120314
https://doi.org/10.1016/j.jclepro.2020.120314
https://doi.org/10.1016/j.apsoil.2020.103758
https://doi.org/10.1007/s11368-018-2103-3
https://doi.org/10.1016/j.agee.2017.01.006
https://doi.org/10.1016/j.agee.2017.01.006
https://doi.org/10.2136/sssaj2018.08.0297

