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ABSTRACT
Background: Biochar can enhance total organic carbon (TOC) stocks and reduce CO2 emissions in degraded soils.
Aims: This study assessed the effects of pyrolytic biochars on TOC recovery and CO2 emissions in a greenhouse experiment.
Methods: PVC columns (20 cm diameter, 50 cm height) were filled with soil and arranged in a factorial scheme (2 × 4 + 1) with
four replicates. Treatments included two biochars: co-pyrolyzed sewage sludge and cashew pruning (SPB) and cashew bagasse
biochar (CBB), applied at 5, 10, 20, and 40 Mg ha−1, plus a control. CO2 flux was measured in two additional gas collection events.
TOC content and bulk density were analyzed, and carbon stocks (CSs) were calculated.
Results: The application of 5 and 40Mg ha−1 of SPB and CBB increased TOC and CSs compared to the control. CO2 flux fluctuated
between samplings, as expected with corn introduction. The highest CO2 flux initially occurred in SPB40, followed by CBB20,
whereas in the second sampling, CBB5 showed the highest flux and CBB20 the lowest.
Conclusion: These results suggest that SPB and CBB applications improve soil CSs and mitigate CO2 fluxes, contributing to
climate change mitigation and soil restoration.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
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1 Introduction

The growing concern about climate change has intensified the
search for innovative solutions to reduce carbon dioxide (CO2)
emissions and restore degraded soils (IPCC 2021). Brazilian dry-
land soils face severe degradation, primarily due to overgrazing
by livestock that depend on native vegetation for forage. This,
combined with adverse climatic and soil conditions, accelerates
the degradation process (Araújo et al. 2024; de Araujo Pereira
et al. 2021; Lima et al. 2024). Biochar produced through biomass
pyrolysis has gained attention for its potential to improve soil
quality and sequester carbon (Huang et al. 2023; Li et al. 2024;
Liu, Wang, Song et al. 2022).

Degraded soils pose a significant environmental challenge on a
global scale, affecting vast areas of agricultural land and natural
ecosystems (Ma 2023). Soil degradation, often driven by erosion,
compaction, organic matter loss, and unsustainable agricultural
practices, not only reduces agricultural productivity but also
contributes to CO2 emissions (Liu et al. 2018; Ortiz et al. 2023;
Xin et al. 2020). Soils are estimated to account for about one-third
of annual CO2 emissions, primarily due to organic carbon losses
associated with degradation (Swails et al. 2024).

Biochar, a carbonaceous product derived from biomass pyrolysis,
such as agricultural and forestry residues, has emerged as a
promising soil amendment (Xião et al. 2022). The pyrolysis
process converts biomass into a stable material resistant to
biological decomposition, effectively sequestering carbon that
would otherwise be released into the atmosphere (Xia et al. 2024;
Xião et al. 2022).

When incorporated into the soil, biochar improves physical,
chemical, and biological properties by enhancingwater retention,
increasing nutrient exchange capacity, and fostering beneficial
microbial activity (Jiang et al. 2019; Pokharel et al. 2020; Siedt
et al. 2021). The impact of biochar on soil properties is strongly
modulated by its intrinsic characteristics—such as feedstock type,
pyrolysis conditions, and particle size—as well as by the native
soil attributes (Antonangelo et al. 2019; Lefebvre et al. 2023;
Leng et al. 2021; Verheijen et al. 2019). For example, long-term
reductions in BD may result from interactions between biochar’s
surface area and functional groups with soil particles, promoting
enhanced aggregation and porosity (Blanco-Canqui 2017).

Biochar application has demonstrated potential for mitigating
greenhouse gas emissions, particularly CO2. Its effectiveness
is influenced by factors such as application rate, soil prop-
erties, and the physicochemical characteristics of the biochar
(Bovsun et al. 2021; Shen et al. 2017; Yerli et al. 2022).
Biochar modifies soil moisture, temperature, and aeration,
thereby affecting CO2 emissions (Vasconcelos do Nascimento
et al. 2023). Furthermore, it alters microbial communities and
functional genes associated with greenhouse gas dynamics, con-
tributing to the mitigation of N2O, CH4, and CO2 emissions
(Lyu et al. 2022).

The previous research has demonstrated that biochar can
enhance soil carbon stocks (CSs) over time, acting as a long-term
organic carbon reservoir (Canatoy et al. 2023; Xia et al. 2024).

Additionally, biochar can influence soil CO2 emission dynamics
by affecting organic matter production and decomposition
processes (Sanei et al. 2024; Xia et al. 2024). However, biochar’s
effects vary significantly depending on biomass type, production
method, and environmental conditions (Lefebvre et al.
2023).

Despite this progress, limited research has explored biochar’s
impact on CSs and CO2 emissions in degraded drylands. Further-
more, the role of biochars produced via co-pyrolysis of sewage
sludge with cashew pruning or cashew bagasse in regulating
soil carbon dynamics remains unexplored. Barbosa et al. (2024)
found that biochar derived from co-pyrolysis of sewage sludge
and cashew residues improved microbial biomass and enzymatic
activity in degraded drylands. Similarly, Vasconcelos do Nasci-
mento et al. (2024) reported that cashew bagasse biochar (CBB)
improved the physical properties of cohesive soils.

On the basis of this context, the present study tested the following
hypotheses: (1) Pyrolytic biochars produced from cashew bagasse
and sewage sludge + cashew pruning (co-pyrolysis) increase
soil organic CSs and mitigate CO2 emissions from the soil to
the atmosphere, and (2) there is an optimal biochar dose that
maximizes CS enhancement while minimizing CO2 emissions.
The study aimed to examine biochar’s impact on CSs and CO2
emissions in degraded soils. By investigating these mechanisms,
we sought to provide scientific insights into biochar’s potential for
promoting sustainability and resilience in terrestrial ecosystems
in the context of global climate change.

2 Materials andMethods

2.1 Soil Collection, Location, Experimental
Design, and Treatments

The soil used was classified as a Planosol (IUSS Working Group
WRB 2022), with 760, 174, and 66 g kg−1 of sand, silt, and
clay, respectively, indicating a sandy loam texture. Disturbed soil
samples were collected from the 0 to 10 cm layer in Irauçuba
municipality (State of Ceará, Brazil) (Figure 1), an area affected
by desertification due to overgrazing (Araújo et al. 2024). After
air-drying, the soil samples were subjected to chemical analysis
following the methodology described by Teixeira et al. (2017)
(Table 1).

The biochars were produced from CBB (Anacardium occidentale
L.) and the co-pyrolysis of sewage sludge with cashew pruning
residues (SPB) in a 1:1 ratio on a mass basis. The cashew bagasse
was collected from a cashew-producing farm in the municipality
of Aracati-CE, and the sewage sludge was obtained from a
domestic wastewater treatment plant in Fortaleza-CE, Brazil,
sourced from an UASB (Upflow Anaerobic Sludge Blanket)
reactor. The biomass used in the production of both biochars was
subjected to pyrolysis at 500◦C, with a heating rate of 10◦C min−1

under a moderate nitrogen flow. For the biochar derived from the
co-pyrolysis of sewage sludge and cashew residues, the process
lasted 1 h and 37 min. For the biochar obtained from cashew
bagasse, pyrolysis took 3 h and 10 min.

2 Journal of Plant Nutrition and Soil Science, 2025
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FIGURE 1 Geographic location of the soil collection site and the greenhouse experiment setup in Ceará State, Brazil, where (A) indicates the
municipality the soil was collected and (B) indicates the location where the experiment was conducted. Source: Barbosa et al. [6].

TABLE 1 Chemical attributes of the soil.

pH
(H2O)

EC
(dS m−1)

P
(mgkg−1)

Ca
(cmolc kg−1) Mg (%)

K
(g kg−1) Na Al H + Al SB CEC BS C

5.1 0.03 8.44 6.97 0.46 0.09 0.08 0.54 2.52 7.52 10.04 74.90 6.07

Abbreviations: BS, base saturation; C, organic carbon; CEC, cation exchange capacity at pH 7.0; EC, electrical conductivity; SB, sum of the bases.
Source: Part of the data published in Barbosa et al. (2024).

In this study, we selected cashew bagasse and a blend of sewage
sludge with urban pruning waste as feedstocks for biochar
production. The choice of cashew bagasse is justified by its high
local availability and the significant waste management chal-
lenges faced by the cashew industry in Brazil’s Northeast region
(Oliveira and Ipiranga 2011; Vasconcelos do Nascimento et al.
2024). For the second biochar, sewage sludge was co-pyrolyzed
with pruning waste to address two issues simultaneously: he
growing need for sustainable sludge disposal solutions (Sug-
urbekova et al. 2023) and the environmental burden of urban
pruning residues, which, when landfilled, have a considerable
carbon footprint (Carvalho et al. 2019). Co-pyrolyzing sludge
with lignocellulosic pruning waste also helps dilute potential
heavy metals in the final biochar, improving its suitability for
soil application. Together, these factors make these biomass
combinations regionally appropriate and more relevant than
other potential feedstocks.

After pyrolysis, samples of each biochar underwent chemical
characterization (Table 2), and the nutrient content in the biochar
was determined using different analytical methods. Calcium,
magnesium, aluminum, iron, manganese, and zinc were quanti-
fied by inductively coupled plasma optical emission spectrometry
(ICP-OES), whereas potassium and sodium were analyzed by
flame photometry (Enders and Lehmann 2012). Phosphorus was
determined using the molybdovanadophosphoric acid colorimet-
ric method, with absorbance measured at 400 nm (MAPA).
Total nitrogen was quantified by the Kjeldahl method after acid
digestion with sulfuric acid (Mendonça and Matos 2017). Carbon
was determined using the Walkley–Black method.

The experiment was conducted in a greenhouse at the Depart-
ment of Soil Science, Agricultural Sciences Center, Federal
University of Ceará (Figure 1). A completely randomized exper-
imental design was used, with a 2 × 4 + 1 factorial scheme. This
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TABLE 2 Chemical characterization of pyrolytic biochars.

Attributes Unit CBB SPB

pH (H20) — 9.6 9.1
C g kg−1 480.10 348.00
N g kg−1 27.09 24.45
C/N — 17.72 14.20
P g kg−1 11.62 17.70
Na g kg−1 0.35 4.09
K g kg−1 7.71 6.10
Ca g kg−1 1.95 19.30
Mg g kg−1 4.54 7.30
Cu mg kg−1 51.0 170.0
Fe mg kg−1 768 15,300
Mn mg kg−1 45.0 390.0
Zn mg kg−1 59.0 1390
Cd mg kg−1 0.0 1.0
Cr mg kg−1 2.0 40.0
Mo mg kg−1 1.0 10.0
Ni mg kg−1 4.0 23.0
Pb mg kg−1 1.0 16.0
Al g kg−1 1.35 26.8

Abbreviations: CBB, cashew bagasse biochar; SPB, sewage sludge + cashew
pruning.
Source: Part of the data published in Barbosa et al. (2024).

design included two pyrolytic biochars (sewage sludge + cashew
pruning—SPB; CBB), four biochar application rates (5, 10, 20,
and 40 Mg ha−1), a control treatment, and four replications,
resulting in a total of 36 experimental units. Each experimental
unit consisted of a PVC column (20 cm in diameter and 55 cm
in height) with the lower end filled with a 5 cm layer of gravel
(to facilitate drainage) and a layer of fabric (to prevent soil loss).
Additionally, the upper 5 cm of the column was left unfilled to
allow space for water addition during irrigation.

BD in overgrazed areas where the soil was collected reached
a value of 1.85 g cm−3 (Lima 2022). However, considering the
incorporation of biochar with plowing and subsequent grading,
the density is reduced to a non-limiting condition for root
growth, given the clay content of the studied soil—less than
1.6 g cm−3 (USDA-ARS 2001). Therefore, the experimental units
were assembled with a BD of 1.55 g cm−3.

On the basis of the criteria of the Fertilization and Soil Amend-
ment Manual for the State of Ceará, in the section dedicated to
maize (Zea mays L.) (Fernandes et al. 1993), and considering the
results of the soil chemical analysis (Table 1), phosphate (single
superphosphate), potassium (potassium chloride), and nitrogen
(urea) fertilization were applied. Magnesium sulfate was used
to adjust the Ca:Mg ratio due to the high calcium compared to
magnesium. Each column was then filled with soil (with biochar
already incorporated). After filling, all columns were irrigated to
reach moisture at field capacity and were incubated for 30 days.

After the incubation period, three seeds of the BRS 2022 maize
cultivar were sown at a depth of 3 cm from the soil surface. Five
days after emergence, the first thinning was performed, and 3
days after the first thinning, the second thinning was conducted,
leaving only one maize plant per experimental unit. The soil
moisture throughout the experiment was maintained between
field capacity and 70% of the available water capacity (AWC).
The matric potential was monitored for irrigation management
purposes using tensiometers with mercury manometers (one
installed in each column at a depth of 20 cm). Distilled water was
used to meet the water demand.

At the end of the experiment, samples with unpreserved structure
were collected from each column, at the center of the 0–20 cm
depth layer (7.5–12.5 cm), for the determination of total organic
carbon (TOC). Samples with preserved structure (5 cm in height
and 5 cm in diameter) were collected for the determination of BD.

2.2 Evaluated Variables

BD was determined using the volumetric ring method and
calculated as the ratio of the mass of soil dried at 105◦C to
the total volume of the ring (Blake and Hartge 1986). Soil
organic carbon was determined using the potassium dichromate
digestion method in an acidic medium, followed by titration
with ammoniacal ferrous sulfate, using ferroin as an indicator
(Yeomans and Bremner 1988).

The soil CS was calculated according to the methodology
described by Sisti et al. (2004), using the following equation:

CS = (TOC × BD × 𝑇) ∕10, (1)

where CS is the organic carbon stock at a specific depth (Mgha−1),
TOC is the TOC content (g kg−1) in the soil sample, BD is the BD
(kg dm−3), and T is the thickness of the considered layer (in this
case, 20 cm).

To evaluate CO2 fluxes, PVC rings (7.5 cm in diameter, 20 cm
in height) were used. The rings were inserted into the soil at a
depth of 3 cm and maintained throughout the experiment. CO2
was sampled twice: Time 1–2 days after the second nitrogen and
potassium fertilization (25 days after seeding); Time 2—when
maize plants were harvested for biomass evaluation (60 days after
seeding).

At the time of sampling, PVC caps were attached to the rings, and
a waiting period of 30 min was observed before collecting CO2
using a standard syringe with a 20 mL capacity. The collected
gas was then injected into penicillin vials, which had previously
undergone a vacuum process and were sealed with acetic silicone
(Allen et al. 2007; Keller et al. 2000). During CO2 collection,
the soil temperature inside the PVC rings was measured using
a digital thermometer. The temperature and relative humidity of
the air inside the greenhouse were also recorded at the time of gas
collection.

The collected CO2 was measured using gas chromatography with
a Bruker 450GC, and the fluxes (mg of CO2 m−2 h−1) were
calculated using the ideal gas law (PV = nRT). The calculations

4 Journal of Plant Nutrition and Soil Science, 2025
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lowedby the same letter donot differ by theTukey test at 5%probability. Biochar:F=0.29ns; rates:F=0.35ns; biochar× rates:F= 2.83ns. ns, not significant.
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FIGURE 3 Mean values of total organic carbon (TOC) in response to biochar application (a) and rates (b) in soil cultivated with maize (Zea mays
L.). Means followed by the same letter do not differ by the Tukey test at 5% probability. Biochar: F= 0.42ns; rates: F= 38.53**; biochar × rates: F= 0.40**.
**: significant at 1% probability level, respectively. ns, not significant.

accounted for changes in gas concentration over time in the
closed chamber, considering chamber volume and area, soil
temperature, and atmospheric pressure (Howard et al. 2014).

2.3 Statistical Analysis

The normality of residuals was assessed using the Shapiro–
Wilk test, whereas the homogeneity of variances was evaluated
using the Bartlett test. When necessary, data transformation was
performed using the Box and Cox (1964) procedure to identify
an optimal power (λ) that would make the transformed data as
close to normal as possible. The statistical analysis of the data
was performed using the online version of the statistical analysis
system (SAS) software.

The collected data were analyzed using a completely randomized
design with a 2 × 4 + 1 factorial scheme, consisting of two
types of pyrolytic biochars (from cashew bagasse and sewage
sludge + cashew pruning), four application rates (5, 10, 20,
and 40 Mg ha−1), and one control, with four replications. A
2 × 4 × 2 + 1 factorial scheme was employed to analyze CO2
emissions, incorporating two pyrolytic biochars, four rates, and
two collection times, alongwith one control and four replications.

Analysis of variance was performed using the F-test, and mean
comparisons were conducted using the Tukey test, both at a 5%
significance level. Regression analysis was performed to investi-
gate the relationships between biochar rates and the measured
variables. The significance of the regression coefficients was
evaluated to determine how strongly biochar doses influence the
outcomes, with significance levels set at 1% and 5%.

3 Results

3.1 Bulk Density

The application of biochar from sewage sludge+ cashew pruning
(SPB) and CBB did not result in significant changes in BD, despite
the application rates (Figure 2a,b).

3.2 Soil Organic Carbon

The incorporation of SPB and CBB increased soil organic carbon
content (Figure 3a), with a significant difference compared to
the control treatment (without biochar). Similar behavior was
observed for both biochars (SPB and CBB), with the highest

5
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SPB= 0.0047**x2 - 0.1161nsx + 10.122**

R² = 0.2229

CBB= 0.0007**x3 - 0.0398**x2 + 0.5086**x + 8.7378**

R² = 0.68913
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cultivated with maize plants (Zea mays L.). ** and *: significant at 1% and 5% of probability, respectively.
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FIGURE 5 Mean carbon stock (CS) values in response to biochar application (a) and rates (b) in soil cultivated with maize (Zea mays L.). Means
followed by the same letter do not differ by the Tukey test at 5% probability. Biochar: F = 0.10ns; rates: F = 38.35**; biochar × rates: F = 7.71**. **:
significant at 1% probability level, respectively. ns, not significant.

organic carbon content found in the treatments where 5 and
40Mg ha−1 rates were incorporated into the soil. Compared to the
control treatment, the TOC increased by 59%, 63%, 70%, and 68%
for the SPB5, SPB40, CBB5, and CBB40 treatments, respectively.
The SPB10, SPB20, CBB10, and CBB20 treatments did not show a
significant difference from the control treatment (Figure 3b).

From the second-degree polynomial regression analysis between
TOC and SPB rates, we observed that the lowest TOC content
occurred at a rate of 12.4 Mg ha−1, corresponding to 9.4 g kg−1,
whereas the highest content was found at a rate of 40 Mg ha−1,
representing a 28% increase compared to the control. For CBB,
the third-degree polynomial regression analysis revealed that the
lowest organic carbon content occurred at a rate of 29.7 Mg ha−1,
with 7 g kg−1, whereas the highest contentwas observed at a rate of
8.1 Mg ha−1, with 10.6 g kg−1, resulting in a 17% increase compared
to the control (Figure 4a).

3.3 Soil CS

The data obtained for soil CS followed a trend like that of
soil organic carbon content. A significant difference in CS was
observed when SPB and CBB were incorporated into the soil,
compared to the control treatment (Figure 5a).

When rates of 5 and 40 Mg ha−1 of both SPB and CBB were
applied to the soil, an increase in soil CS valueswas observed. This
increase was 72% for SPB5, 69% for SPB40, 59% for CBB5, and 64%
for CBB40, compared to the control without biochar (Figure 5b).
The SPB10, SPB20, CBB10, and CBB20 treatments showed similar
results to the control treatment, with no significant differences.

The data obtained for soil organic CS for both SPB and CBB were
fitted using a third-degree polynomialmodel. For SPB, the highest
CS was observed at a rate of 5.7 Mg ha−1, resulting in 32.7 Mg ha−1
of CS, while the lowest CS was found at a rate of 26.6 Mg ha−1,
corresponding to 23 Mg ha−1 of CS. The 5.7 Mg ha−1 rate resulted
in an 8% increase in CS compared to the control. Regarding CBB,
the highest CS value was found at a rate of 8.4 Mg ha−1, with
32.7 Mg ha−1 of CS, whereas the lowest value was observed at a
rate of 27.3 Mg ha−1, with 26.3 Mg ha−1 of CS. The 8.4 Mg ha−1
rate resulted in an 18% increase in CS compared to the 0 rate
(Figure 4b).

3.4 CO2 Emissions

There was a significant difference in CO2 emissions when apply-
ing CBB and SPB compared to the control treatment (Table 3). In
both collection times, the control treatment emitted less CO2 than

6 Journal of Plant Nutrition and Soil Science, 2025
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TABLE 3 CO2 emissions for the control treatment, sewage sludge+
cashew pruning (SPB), and cashew bagasse biochar (CBB), based on
sampling time.

Collections

Time 1 (25 days
after seeding)

Time 2 (60 days
after seeding)

Sources of variation F test

Biochars (B) 21.50* 15.27**

Rates (R) 35.92* 115.27*

B x R 43.82* 48.00*

Coefficient of
variation (%)

18.31 14.61

Treatments
Comparison of means
(mg of CO2 m−2 h−1)

Control 36.08 c 21.78 c
SPB 68.73 a 34.63 b
CBB 51.49 b 41.99 a

Note:Means followed by the same letter within each column do not differ from
each other according to the Tukey test at a 5% significance level.
* and **: significant at the 1% and 5% probability levels, respectively.
Transformed variable (λ = 0.02).

SPB and CBB. In the first collection (25 days after seeding), the
highest emission was observed for SPB (68.73mg of CO2 m−2 h−1),
whereas in the second collection (60 days after seeding), the
highest CO2 flux was observed for CBB (41.99mg of CO2 m−2 h−1).

There was a significant difference between the collection times,
and the rates of CBB and SPB influenced the CO2 flux compared
to the control (without biochar) (Table 4). In the first collection
(25 days after seeding), an increase in CO2 flux was observed for
the SPB40 treatment (132.43 mg of CO2 m−2 h−1) and the CBB5
treatment (80.13 mg of CO2 m−2 h−1), compared to the control
(36.08 mg of CO2 m−2 h−1) and the other treatments, which did
not differ significantly from each other. In the second collection
(60 days after seeding), the highest CO2 values were found for
CBB5 and SPB40, followed by CBB10, CBB40, SPB5, and SPB10.
The lowest CO2 flux was observed for CBB20, followed by SPB20
and the control treatment (Table 4).

The collection times did not show significant differences for
SPB10, CBB5, CBB10, and CBB40, indicating a consistent CO2
flux during both collection times. For the control, SPB5, SPB20,
SPB40, and CBB20, a higher CO2 flux was observed in the
first collection, but the flux decreased in the second collection
compared to the previous one (Table 4).

Regression analysis revealed a significant effect on CO2 emissions
during both the first and second collection times for SPB. For
CBB, however, a significant effect was observed only during the
first collection (Figure 6).

On the basis of the second-degree polynomial regression data
(Figure 6a), the highest CO2 flux during the first collection was

TABLE 4 CO2 emissions based on the control treatment, rates of
sewage sludge + cashew pruning (SPB) and cashew bagasse biochar
(CBB), and sampling times in soil cultivated with maize plants (Zea
mays L.).

Sources of variation F test

Time 218.61**

Biochars 3.20ns

Rates 125.19**

Time x biochars 14.21**

Time x rates 22.44**

Biochars x rates 47.29**

Time x biochars x rates 5.56**

Coefficient of
variation (%)

3.05

Comparison of means
(mg of CO2 m−2 h−1)

Treatments
Time 1 (25 days
after seeding)

Time 2 (60 days
after seeding)

Control 36.08 cA 21.78 cdeB
SPB5 51.35 cA 38.69 bcB
SPB10 41.55 cA 31.70 cdA
SPB20 49.59 cA 15.06 deB
SPB40 132.43 aA 53.07 bB
CBB5 80.13 bA 83.54 aA
CBB10 44.04 cA 35.04 bcA
CBB20 35.60 cA 11.33 eB
CBB40 46.19 cA 38.06 bcA

Note: Means followed by the same lowercase letter within each column and
the same uppercase letter in the row do not differ from each other according
to the Tukey test at a 5% significance level.
Abbreviation: ns, not significant.
**: significant at the 1% probability level, respectively. Transformed variable:
time 1 (λ = 0.6) and time 2 (λ = −0.2).

observed at a rate of 40 Mg ha−1, with 132.43 mg of CO2 m−2 h−1.
The lowest flux occurred at a rate of 6.5 Mg ha−1, with 40.07 mg of
CO2 m−2 h−1, representing an 8% reduction compared to the 0 rate.
For the second collection, the lowest flux was observed at a rate
of 14 Mg ha−1, with an average flux of 23.94 mg of CO2 m−2 h−1,
a 25% reduction compared to the 0 rate. This suggests that the
optimal rates for reducing CO2 emissions in degraded soil treated
with SPB are between 6.5 and 14 Mg ha−1.

In the third-degree polynomial regression analysis for CO2
measured during the first collection time for CBB, the highest
flux occurred at a rate of 7.4 Mg ha−1, showing a 48% increase
compared to the control. The lowest flux was observed at a rate
of 29.8 Mg ha−1, causing a 77% reduction compared to the 0 rate
(Figure 6b). This indicates that the optimal CBB rate for reducing
CO2 emissions is 29.8 Mg ha−1.
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25 days = 0.0815**x2 - 1.0658*x + 43.555**

R² = 0.9671
60 days = 0.0404**x2 - 1.1365**x + 31.942**

R² = 0.5525
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FIGURE 6 Regression between the mean data of CO2 emissions and rates of sewage sludge + cashew pruning (a) and cashew bagasse (b)
incorporated into the soil under maize cultivation (Zea mays L.). ** and *: significant at 1% and 5% of probability, respectively.

4 Discussion

4.1 Bulk Density

There was no significant difference in BD in response to SPB
and CBB application rates in this study. BD is a key indicator of
soil physical quality because it reflects the packing arrangement
of soil particles and pore spaces (Bhat et al. 2022; Verheijen
et al. 2019). Biochar is generally expected to reduce soil BD due
to its lower intrinsic density and high porosity (Blanco-Canqui
2017; Lehmann et al. 2011). However, the effect depends strongly
on the biochar type, its density, and especially its particle size
distribution.

In this experiment, although the sewage sludge pruning biochar
(SPB) had a lower intrinsic density (0.28 g cm−3) than the CBB
(0.55 g cm−3) (da Costa Dantas Moniz et al. 2025), both biochars
contained a relatively high proportion of larger particles (approx-
imately 31%–52%, >1 mm). Numerous studies have demonstrated
that biochars with smaller particle sizes are effective in reducing
BD (Botková et al. 2023; Duarte et al. 2019; Githinji 2014). This is
because smaller biochar particles can settle between soil particles
without blocking pores, instead forming additional pore networks
that expandmacroporositywhile reducingBD (Steiner et al. 2011).

Furthermore, biochar-induced BD reduction tends to be more
pronounced in clay-rich soils due to greater improvements in
aggregation, microporosity, and pore connectivity (Bekchanova
et al. 2024; Vasconcelos do Nascimento et al. 2024). For example,
Vasconcelos do Nascimento et al. (2024) observed a significant
BD decrease using CBB in a cohesive Typic Haplustult at higher
application rates (up to 40 Mg ha−1). However, in the present
study, the same biochar applied to a sandy soil showed limited
impact, likely due to its coarser texture and the predominance of
larger biochar particles. Taken together, the relatively large parti-
cle size and the sandy nature of the soil explainwhy no significant
change in BD was detected under the tested conditions.

4.2 Soil Organic Carbon

Biochar application significantly increased TOC (Figure 3a,b),
aligning with previous findings that highlight its potential to
enhance soil quality through carbon enrichment, sequestration,
and improved soil health (Canatoy et al. 2023; Huang et al.

2023; Liu, Wang, Penuelas et al. 2022; Shikha et al. 2023). This
result confirms our hypothesis that SPB and CBB biochars would
elevate TOC levels.

In degraded and desertified soils, increases in TOC improve soil
structure (Wang et al. 2017), water retention (Karim et al. 2020),
andmicrobial activity (Barbosa et al. 2024), all contributing to soil
recovery. Biochar also stimulates TOC through enhanced biomass
input (root exudates, plant residues), improved aggregation, and
favorablemicrobial habitats (Jiang et al. 2019; Pokharel et al. 2020;
Siedt et al. 2021; Xu et al. 2021).

Both SPB and CBB showed similar trends, with TOC peaking at
5 and 40 Mg ha−1 (Figure 3b). Although 40 Mg ha−1 yielded the
highest TOC, the 5 Mg ha−1 rate offers a better cost–benefit ratio
due to lower input, transport, and application costs. Importantly,
neither biochar negatively affected plant growth nor soil biota,
indicating their agronomic viability.

Intermediate rates (SPB10, SPB20, CBB10, and CBB20) did not
differ significantly from the control, likely due to interactions
with nitrogen fertilization, carbon turnover, and the balance
between labile and recalcitrant carbon fractions (Hansen et al.
2017; Gross et al. 2021). The C:N ratio also influences these
dynamics, with narrower ratios promoting mineralization and
wider ones favoring immobilization (Brandani and Santos 2016).

The TOC increase at 5 Mg ha−1 is attributed to the rapid
mineralization of labile carbon and microbial turnover, whereas
higher TOC at 40Mg ha−1 reflects contributions from recalcitrant
carbon. Intermediate treatments suggest ongoingmineralization,
but further research is needed to clarify these mechanisms
(Brandani and Santos 2016; Gross et al. 2021; Hansen et al. 2017;
Li et al. 2024; Yang et al. 2020).

Polynomial relationships were observed between biochar rates
and TOC (Figure 4a), indicating dose-dependent effects. SPB at
40Mg ha−1 and CBB at 8.1 Mg ha−1 weremost effective in increas-
ing TOC, offering insights for sustainable soil management and
carbon sequestration.

In summary, applying SPB and CBB biochars—particularly at
40 and 8.1 Mg ha−1, respectively—holds promise for enhancing
TOC,with significant implications for soil restoration and climate
change mitigation.

8 Journal of Plant Nutrition and Soil Science, 2025
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4.3 Soil CS

There was a significant effect of biochar incorporation on soil
CS, supporting the observed differences in soil organic carbon
content. Both 5 and 40 Mg ha−1 rates of SPB and CBB resulted
in substantial increases in soil CS. Biochar application can be
an effective strategy for enhancing carbon storage in the soil,
contributing to climate change mitigation, and improving soil
quality, particularly in degraded soils. This is crucial, as degraded
soils in dry environments often have low organic carbon content
(the soil used in our study contained 6.07 g kg−1 of organic
carbon), leading to a decline in their physical, chemical, and
biological properties. Therefore, our findings on CS support one
of the hypotheses of our study: that the application of SPB and
CBB biochars increases soil CS.

In contrast, treatments with intermediate biochar rates (10 and
20 Mg ha−1 for SPB and CBB) did not show statistical differ-
ences compared to the control treatment. This suggests that
the response to biochar is dose-dependent, with a significant
effect observed only at extreme rates. This indicates that the
effectiveness of biochar in increasing soil CS is more pronounced
at higher rates, or that there is a threshold beyond which
additional biochar does not enhance carbon storage.

Biochar addition can alter the soil priming effect, which refers
to changes in the decomposition rate of TOC following the
addition of an organic amendment. Biochar can either positively
or negatively affect the mineralization of soil organic carbon,
influencing soil CS (El-Naggar et al. 2015, 2018; Xu et al. 2018).
The impact of biochar on the mineralization of native organic
carbon also depends on the biochar’s production temperature.
Biochar produced at lower temperatures generally exhibits a
positive priming effect, whereas biochar produced at higher
temperatures stabilizes organic carbon, contributing to increased
soil CS (El-Naggar et al. 2015).

The amount of biochar applied also affects soil CS. For instance,
Sun et al. (2020) found a 14% decrease in CS at a 30 Mg ha−1
application rate, whereas 60 and 90 Mg ha−1 rates resulted in
increases of 18.8% and 8.2%, respectively. The C/N ratio of biochar
plays a significant role in determining its impact on carbon
storage, as biochars with a C/N ratio below 20, such as SPB
and CBB (Table 2), favor mineralization over immobilization.
However, the application of nitrogen fertilizers, such as urea,may
accelerate the mineralization of labile carbon in the short term,
leading to carbon immobilization and a longer term increase in
organic carbon content.

For example, Yang et al. (2020) reported that the application of 30
and 45 Mg ha−1 of biochar to drip-irrigated cornfields increased
soil CS by 19% and 37%, respectively, in the first year. In the second
year, the increases were 12% and 15% at 0–15 cm, and 23% and
34% at 15–30 cm. However, the application of 15 Mg ha−1 did
not significantly affect CS. Similarly, Dejene and Tilahun (2019)
found a significant increase in soil organic CS when 5 Mg ha−1 of
biochar was applied.

Regression analysis revealed a significant polynomial relation-
ship for both biochars, supporting the idea that biochar appli-
cation can be optimized to maximize carbon retention in soil,

with more pronounced positive effects at certain rates. Therefore,
it is recommended that SPB and CBB be applied at rates of
5.7 and 8.4 Mg ha−1, respectively, to effectively increase soil CSs.
However, the absence of significant differences at higher rates
emphasizes the need for careful biochar application to optimize
its benefits.

4.4 CO2 Emissions

The results provide detailed insights into the impact of different
biochar rates, both SPB and CBB, on CO2 fluxes in the soil. The
application of biochar, regardless of its source, led to significant
differences compared to the control treatment, suggesting that
these materials promote substantial changes in soil CO2 fluxes,
aligning with our hypothesis (Table 4).

Our findings are partly supported by Barbosa et al. (2024), who
observed differences in soil basal respiration with varying rates of
SPB and CBB. However, Barbosa et al. (2024) reported a linear
increase in soil basal respiration as biochar rates increased, a
pattern not observed in our study. It is important to note that the
introduction of corn plants in our system may have contributed
to the differences observed, as plant respiration is an additional
factor influencing soil CO2 emissions (Fidel et al. 2019).

On the other hand, the temporal data analysis revealed significant
differences between collection times, indicating that fluctuations
in CO2 fluxes are associated with temporal variations, potentially
influenced by environmental and biological factors (Alarefee et al.
2023; Mosa et al. 2023). For SPB10, CBB5, CBB10, and CBB40, the
stability of CO2 flux during both collection times suggests these
treatments did not significantly alter soil respiration dynamics.
However, for the control, SPB5, SPB20, SPB40, and CBB20, a
distinct behavior was observed, with a reduced flux during the
first collection, followed by an increase in the second collection.
This pattern may indicate an initial adaptation of the soil micro-
bial community to biochar addition, followed by stabilization
(Kravchenko et al. 2023).

The fluctuations in CO2 flux for the control, SPB5, SPB20, SPB40,
and CBB20 treatments may be attributed to slight variations in
soil moisture and temperature, as CO2 flux is sensitive to both.
Our findings corroborate Canatoy et al. (2023), who also observed
variations in CO2 flux based on collection times. Small tempera-
ture changes can significantly affect CO2 flux (Abagandura et al.
2019; Hagemann et al. 2017; Kang et al. 2018; Yang et al. 2019).

Biochar’s role in modulating soil structure (porosity, pore size
distribution, and connectivity) is an important mechanism for
CO2 emissions (Fan et al. 2020). The recalcitrant nature of
biochar, its water retention capacity, and its high potential to
form soil aggregates with labile organic components enhance its
impact on increasing soil carbon sequestration (Hawthorne et al.
2017). Li et al. (2022) suggest that biochar’s effect on CO2 flux is
linked to the predominance of bacterial species involved in the
tricarboxylic acid cycle. Moreover, biochar stimulates catalase,
sucrose, urease, and β-glucosidase activities in the soil, acting as a
protective factor against CO2 emissions (Wang et al. 2022). These
findings are supported by Barbosa et al. (2024), who reported
variations in β-glucosidase and urease activity in degraded soil
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treated with biochar derived from sewage sludge + cashew
pruning residue and cashew bagasse.

The second-degree polynomial regression analysis for SPB reveals
that the 6.5 and 14 Mg ha−1 rates were associated with the
lowest CO2 flux in both collection times, indicating a significant
reduction in carbon flux from soil treated with these doses.
However, the same treatment showed higher CO2 emissions
when 40Mg ha−1 was applied in both collection times, suggesting
that 6.5 and 14Mg ha−1 rates of SPB aremore effective in reducing
CO2 flux, making them a promising strategy for mitigating CO2
emissions in agriculture.

For CBB, the third-degree regression analysis for the first col-
lection time shows variations in CO2 flux, with the highest flux
occurring at the 7.8Mgha−1 rate and the lowest at the 29.8Mgha−1
rate. This suggests that the 29.8 Mg ha−1 rate is optimal for
mitigating CO2 emissions.

Overall, the results indicate that SPB and CBB, particularly at
the appropriate rates, can play a significant role in modulating
CO2 flux in the soil, contributing to the mitigation of greenhouse
gas emissions. However, these effects depend on both the char-
acteristics of the biochar and the temporal conditions and plant
development.

5 Conclusions

The established hypotheses were confirmed, illustrating that
applying SPB and CBB to degraded soils is an environmen-
tally beneficial strategy. These biochars effectively enhance soil
organic CS and reduceCO2 flux from the soil into the atmosphere.
Specifically, the application of 5 and 40 Mg ha−1 of SPB and
CBB, respectively, leads to significant increases in soil organic CS.
Considering the cost–benefit ratio, the application of 5 Mg ha−1
of SPB and CBB is more advantages compared to 40 Mg ha−1
Additionally, incorporating 6.5 and 14 Mg ha−1 of SPB and
29.8 Mg ha−1 of CBB into the soil significantly reduces CO2
emissions.

Acknowledgments

Jaedson Cláudio Anunciato Mota, Mirian Cristina Gomes Costa,
Arthur Prudêncio de Araujo Pereira, Carlos Tadeu dos Santos Dias,
and Odair Pastor Ferreira gratefully acknowledge the support of
CNPq (National Council for Scientific and Technological Development)
through research grants provided under the following process numbers:
303524/2022-7, 305907/2019-0, 305231/2023-5, 303810/2023-8, 310821/2022-
3, and 409205/2023-0; CAPES (Coordination for the Improvement of
Higher Education Personnel) for their financial support (Code 001); FINEP
(Financing Agency for Studies and Projects) for their financial assistance
(Process no. 0122017200); CAGECE (Ceará State Water and Sewage Com-
pany); and FUNCAP (Ceará Foundation for Scientific and Technological
Development) for their research funding (Process no. 06670855/2021);
and the Chief Scientist Program in Agriculture of the Government of
the State of Ceará (Agreement 14/2022 SDE/ADECE/FUNCAP, Process
no. 08126425/2020/FUNCAP) for supporting this research. João Marcos
Rodrigues dos Santos is grateful to FUNCAP for the scholarship grant
under Process no. BMD-0008-01029.01.08/23.

The Article Processing Charge for the publication of this research was
funded by the Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior - Brasil (CAPES) (ROR identifier: 00x0ma614).

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

Abagandura, G. O., R. Chintala, S. S. Sandhu, S. Kumar, and T. E.
Schumacher. 2019. “Effects of Biochar and Manure Applications on Soil
Carbon Dioxide, Methane, and Nitrous Oxide Fluxes From Two Different
Soils.” Journal of Environmental Quality 48, no. 6: 1664–1674. https://doi.
org/10.2134/jeq2018.10.0374.

Alarefee, H. A., C. F. Ishak, R. Othman, and D. S. Karam. 2023.
“Effectiveness of Mixing Poultry Litter Compost With Rice Husk Biochar
in Mitigating Ammonia Volatilization and Carbon Dioxide Emission.”
Journal of Environmental Management 329: 117051. https://doi.org/10.
1016/j.jenvman.2022.117051.

Allen, D. E., R. C. Dalal, H. Rennenberg, R. L. Meyer, S. Reeves, and
S. Schmidt. 2007. “Spatial and Temporal Variation of Nitrous Oxide
and Methane Flux Between Subtropical Mangrove Sediments and the
Atmosphere.” Soil Biology and Biochemistry 39, no. 2: 622–631. https://doi.
org/10.1016/j.soilbio.2006.09.013.

Antonangelo, J. A., H. Zhang, X. Sun, and A. Kumar. 2019. “Physico-
chemical Properties andMorphology of Biochars asAffected by Feedstock
Sources and Pyrolysis Temperatures.” Biochar 1, no. 3: 325–336. https://
doi.org/10.1007/s42773–019–00028-z.

Araújo, A. S. F., E. V. de Medeiros, D. P. da Costa, A. P. de Araujo Pereira,
and L. W. Mendes. 2024. “From Desertification to Restoration in the
Brazilian Semiarid Region: Unveiling the Potential of Land Restoration
on Soil Microbial Properties.” Journal of Environmental Management 351:
119746. https://doi.org/10.1016/j.jenvman.2023.119746.

Barbosa, F. L. A., J. M. R. Santos, J. C. A. Mota, et al. 2024. “Potential of
Biochar to Restoration of Microbial Biomass and Enzymatic Activity in a
Highly Degraded Semiarid Soil.” Scientific Reports 14, no. 1: 26065. https://
doi.org/10.1038/s41598–024–77368–9.

Bekchanova, M., L. Campion, S. Bruns, et al. 2024. “Biochar Improves
the Nutrient Cycle in Sandy-Textured Soils and Increases Crop Yield: A
Systematic Review.” Environmental Evidence 13, no. 1: 3. https://doi.org/
10.1186/s13750–024–00326–5.

Bhat, S. A., A. Kuriqi, M. U. D. Dar, et al. 2022. “Application of Biochar
for Improving Physical, Chemical, and Hydrological Soil Properties: A
Systematic Review.” Sustainability 14, no. 17: 11104. https://doi.org/10.
3390/su141711104.

Blake, G. R., and K. H. Hartge. 1986. “Particle Density.” InMethods of Soil
Analysis: Part 1, Physical and Mineralogical Methods. edited by A. Klute,
377–382. ASA, SSSA.

Blanco-Canqui, H. 2017. “Biochar and Soil Physical Properties.” Soil
Science Society of America Journal 81, no. 4: 687–711. https://doi.org/10.
2136/sssaj2017.01.0017.

Botková, N., J. Vitková, P. Surda, et al. 2023. “Impact of Biochar Particle
Size and Feedstock Type on Hydro-Physical Properties of Sandy Soil.”
Journal of Hydrology and Hydromechanics 71, no. 4: 345–355. https://doi.
org/10.2478/johh–2023–0030.

Bovsun, M. A., O. V. Nesterova, V. A. Semal, and N. A. Sakara. 2021.
“The Influence of the Biochar Application on the CO2 Emission From
Luvic Anthrosols in the South of Primorsky Region (Russian Far East).”
In IOP Conference Series: Earth and Environmental Science, 012091. IOP
Publishing. https://doi.org/10.1088/1755–1315/862/1/012091.

Box, G. E., andD. R. Cox. 1964. “AnAnalysis of Transformations.” Journal
of the Royal Statistical Society Series B: Statistical Methodology 26, no. 2:
211–243. https://doi.org/10.1111/j.2517–6161.1964.tb00553.x.

10 Journal of Plant Nutrition and Soil Science, 2025

 15222624, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jpln.70016 by João M

arcos R
odrigues dos Santos - U

FC
 - U

niversidade Federal do C
eara , W

iley O
nline L

ibrary on [11/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.2134/jeq2018.10.0374
https://doi.org/10.1016/j.jenvman.2022.117051
https://doi.org/10.1016/j.soilbio.2006.09.013
https://doi.org/10.1007/s42773-019-00028-z
https://doi.org/10.1016/j.jenvman.2023.119746
https://doi.org/10.1038/s41598-024-77368-9
https://doi.org/10.1186/s13750-024-00326-5
https://doi.org/10.3390/su141711104
https://doi.org/10.2136/sssaj2017.01.0017
https://doi.org/10.2478/johh-2023-0030
https://doi.org/10.1088/1755-1315/862/1/012091
https://doi.org/10.1111/j.2517-6161.1964.tb00553.x


Brandani, C. B, and D. G. Santos. 2016. “Transformações do Carbono no
solo.” In Microbiologia do Solo, edited by E. J. B. N. Cardoso, and F. D.
Andreote, 81–98. ESALQ.

Canatoy, R. C., S. T. Jeong, S. R. Cho, S. J. C. Galgo, and P. J. Kim. 2023.
“Importance of Biochar as a Key Amendment to Convert Rice Paddy Into
Carbon Negative.” Science of the Total Environment 873: 162331. https://
doi.org/10.1016/j.scitotenv.2023.162331.

Carvalho, M., Y. R. V. Araújo, M. L. D. Góis, and L. M. Coelho. 2019.
“Urban PruningWaste: Carbon Footprint AssociatedWith Energy Gener-
ation and Prospects for Clean Development Mechanisms.” Revista Árvore
43, no. 4: e430405. https://doi.org/10.1590/1806–90882019000400005.

da Costa Dantas Moniz, T., J. M. R. dos Santos, G. da Silva Henrique,
et al. 2025. “Biochar Application to Recover Degraded Soils: Comparison
of Different Biomass Sources Assessed by Soil Physical Quality andMaize
Growth.” Journal of Soil Science and Plant Nutrition 1–19. https://doi.org/
10.1007/s42729–025–02509–6.

de Araujo Pereira, A. P., L. A. L. Lima, W. M. Bezerra, et al. 2021.
“Grazing Exclusion Regulates Bacterial Community in Highly Degraded
Semiarid Soils From the Brazilian Caatinga Biome.” Land Degradation
and Development 32: 2210–2225. https://doi.org/10.1002/ldr.3893.

Dejene, D., and E. Tilahun. 2019. “Role of Biochar on Soil Fertility
Improvement and Greenhouse Gases Sequestration.” Horticulture Inter-
national Journal 3, no. 6: 291–298. https://doi.org/10.15406/hij.2019.03.
00144.

de Jesus Duarte, S., B. Glaser, and C. E. Pellegrino Cerri. 2019. “Effect of
Biochar Particle Size on Physical, Hydrological and Chemical Properties
of Loamy and Sandy Tropical Soils.” Agronomy 9, no. 4: 165. https://doi.
org/10.3390/agronomy9040165.

El-Naggar, A., S. M. Shaheen, Y. S. Ok, and J. Rinklebe. 2018.
“Biochar Affects the Dissolved and Colloidal Concentrations of Cd,
Cu, Ni, and Zn and Their Phytoavailability and Potential Mobility
in a Mining Soil Under Dynamic Redox-Conditions.” Science of the
Total Environment 624: 1059–1071. https://doi.org/10.1016/j.scitotenv.2017.
12.190.

El-Naggar, A. H., A. R. Usman, A. Al-Omran, Y. S. Ok, M. Ahmad, and
M. I. Al-Wabel. 2015. “Carbon Mineralization and Nutrient Availability
in Calcareous Sandy Soils Amended With Woody Waste Biochar.”
Chemosphere 138: 67–73. https://doi.org/10.1016/j.chemosphere.2015.05.
052.

Enders, A., and J. Lehmann. 2012. “Comparison of Wet-Digestion and
Dry-Ashing Methods for Total Elemental Analysis of Biochar.” Commu-
nications in Soil Science and Plant Analysis 43, no. 7: 1042–1052. https://
doi.org/10.1080/00103624.2012.656167.

Fan, R., B. Zhang, J. Li, Z. Zhang, and A. Liang. 2020. “Straw-Derived
Biochar Mitigates CO2 Emission Through Changes in Soil Pore Structure
in a Wheat-Rice Rotation System.” Chemosphere 243: 125329. https://doi.
org/10.1016/j.chemosphere.2019.125329.

Fernandes, V. L. B., A. Aquino, B. F. Aquino, et al. 1993. Recomendações
de Adubação e Calagem para o Estado do Ceará. Universidade Federal do
Ceará.

Fidel, R. B., D. A. Laird, and T. B. Parkin. 2019. “Effect of Biochar on
Soil Greenhouse Gas Emissions at the Laboratory and Field Scales.” Soil
Systems 3, no. 1: 8. https://doi.org/10.3390/soilsystems3010008.

Githinji, L. 2014. “Effect of Biochar Application Rate on Soil Physical
and Hydraulic Properties of a Sandy Loam.” Archives of Agronomy and
Soil Science 60, no. 4: 457–470. https://doi.org/10.1080/03650340.2013.
821698.

Gross, A., T. Bromm, and B. Glaser. 2021. “Soil Organic Carbon Seques-
trationAfter Biochar Application: AGlobalMeta-Analysis.”Agronomy 11,
no. 12: 2474. https://doi.org/10.3390/agronomy11122474.

Hagemann, N., J. Harter, R. Kaldamukova, et al. 2017. “Does Soil Aging
Affect the N2O Mitigation Potential of Biochar? A Combined Microcosm
and Field Study.” GCB Bioenergy 9, no. 5: 953–964. https://doi.org/10.1111/
gcbb.12390.

Hansen, V., D. Müller-Stöver, V. Imparato, et al. 2017. “The Effects of
Straw or Straw-Derived Gasification Biochar Applications on Soil Quality
and Crop Productivity: A Farm Case Study.” Journal of Environmental
Management 186: 88–95. https://doi.org/10.1016/j.jenvman.2016.10.041.

Hawthorne, I., M. S. Johnson, R. S. Jassal, T. A. Black, N. J. Grant, and
S. M. Smukler. 2017. “Application of Biochar and Nitrogen Influences
Fluxes of CO2, CH4 and N2O in a Forest Soil.” Journal of Environmental
Management 192: 203–214. https://doi.org/10.1016/j.jenvman.2016.12.066.

Howard, J., S. Hoyt, K. Isensee, M. Telszewski, and E. Pidgeon. 2014.
Coastal Blue Carbon: Methods for Assessing Carbon Stocks and Emissions
Factors in Mangroves. Tidal Salt Marshes, and Seagrasses. Conserva-
tion International, Intergovernmental Oceanographic Commission of
UNESCO, International Union for Conservation of Nature.

Huang, Y., B. Tao, R. Lal, et al. 2023. “A Global Synthesis of Biochar’s
Sustainability in Climate-Smart Agriculture-Evidence From Field and
Laboratory Experiments.” Renewable and Sustainable Energy Reviews 172:
113042. https://doi.org/10.1016/j.rser.2022.113042.

IPCC. 2021.Climate Change 2021: The Physical Science Basis. Contribution
of Working Group I to the Sixth Assessment Report of the Intergovern-
mental Panel on Climate Change. Cambridge University Press. https://
doi.org/10.1017/9781009157896.

IUSS Working Group WRB. 2022. World Reference Base for Soil
Resources. International Soil Classification System for Naming Soils and
Creating Legends for Soil Maps. FAO.

Jiang, X., X. Tan, J. Cheng, M. L. Haddix, and M. F. Cotrufo. 2019. “Inter-
actions Between Aged Biochar, Fresh LowMolecular Weight Carbon and
Soil Organic Carbon After 3.5 Years Soil-Biochar Incubations.”Geoderma
333: 99–107. https://doi.org/10.1016/j.geoderma.2018.07.016.

Kang, S. W., S. H. Kim, J. H. Park, D. C. Seo, Y. S. Ok, and J. S. Cho. 2018.
“Effect of Biochar Derived From Barley Straw on Soil Physicochemical
Properties, Crop Growth, and Nitrous Oxide Emission in an Upland Field
in South Korea.” Environmental Science and Pollution Research 25, no. 26:
25813–25821. https://doi.org/10.1007/s11356–018–1888–3.

Karim, M. R., M. A. Halim, N. V. Gale, and S. C. Thomas. 2020.
“Biochar Effects on Soil Physiochemical Properties in DegradedManaged
Ecosystems inNortheastern Bangladesh.” Soil Systems 4, no. 4: 69. https://
doi.org/10.3390/soilsystems4040069.

Keller, M., A. M. Weitz, B. Bryan, M. M. Rivera, and W. L. Silver. 2000.
“Soil-Atmosphere Nitrogen Oxide Fluxes: Effects of Root Disturbance.”
Journal of Geophysical Research: Atmospheres 105, no. D14: 17693–17698.
https://doi.org/10.1029/2000JD900068.

Kravchenko, E., Y. C. Wang, T. L. D. Cruz, and C. W. W. Ng. 2023.
“Dynamics of Carbon Dioxide Emission During Cracking in Peanut Shell
Biochar-Amended Soil.” Science of the Total Environment 894: 164922.
https://doi.org/10.1016/j.scitotenv.2023.164922.

Lefebvre, D., J. T. Cornelis, J. Meersmans, J. Edgar, M. Hamilton,
and X. Bi. 2023. “Environmental Factors Controlling Biochar Climate
Change Mitigation Potential in British Columbia’s Agricultural Soils.”
GCB Bioenergy 16, no. 1: e13109. https://doi.org/10.1111/gcbb.13109.

Lehmann, J., M. C. Rillig, J. Thies, C. A. Masiello, W. C. Hockaday, and D.
Crowley. 2011. “Biochar Effects on Soil Biota–A Review.” Soil Biology and
Biochemistry 43, no. 9: 1812–1836. https://doi.org/10.1016/j.soilbio.2011.04.
022.

Leng, L., Q. Xiong, L. Yang, et al. 2021. “An Overview on Engineering the
Surface Area and Porosity of Biochar.” Science of the Total Environment
763: 144204. https://doi.org/10.1016/j.scitotenv.2020.144204.

Li, B., Y. Guo, F. Liang, et al. 2024. “Global Integrative Meta-Analysis of
the Responses in Soil Organic Carbon Stock to Biochar Amendment.”
Journal of Environmental Management 351: 119745. https://doi.org/10.
1016/j.jenvman.2023.119745.

Li, X., S. Yao, Z. Wang, X. Jiang, Y. Song, and S. X. Chang. 2022.
“Polyethylene Microplastic and Biochar Interactively Affect the Global
Warming Potential of Soil Greenhouse Gas Emissions.” Environmental
Pollution 315: 120433. https://doi.org/10.1016/j.envpol.2022.120433.

11

 15222624, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jpln.70016 by João M

arcos R
odrigues dos Santos - U

FC
 - U

niversidade Federal do C
eara , W

iley O
nline L

ibrary on [11/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.scitotenv.2023.162331
https://doi.org/10.1590/1806-90882019000400005
https://doi.org/10.1007/s42729-025-02509-6
https://doi.org/10.1002/ldr.3893
https://doi.org/10.15406/hij.2019.03.00144
https://doi.org/10.3390/agronomy9040165
https://doi.org/10.1016/j.scitotenv.2017.12.190
https://doi.org/10.1016/j.chemosphere.2015.05.052
https://doi.org/10.1080/00103624.2012.656167
https://doi.org/10.1016/j.chemosphere.2019.125329
https://doi.org/10.3390/soilsystems3010008
https://doi.org/10.1080/03650340.2013.821698
https://doi.org/10.3390/agronomy11122474
https://doi.org/10.1111/gcbb.12390
https://doi.org/10.1016/j.jenvman.2016.10.041
https://doi.org/10.1016/j.jenvman.2016.12.066
https://doi.org/10.1016/j.rser.2022.113042
https://doi.org/10.1017/9781009157896
https://doi.org/10.1016/j.geoderma.2018.07.016
https://doi.org/10.1007/s11356-018-1888-3
https://doi.org/10.3390/soilsystems4040069
https://doi.org/10.1029/2000JD900068
https://doi.org/10.1016/j.scitotenv.2023.164922
https://doi.org/10.1111/gcbb.13109
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.scitotenv.2020.144204
https://doi.org/10.1016/j.jenvman.2023.119745
https://doi.org/10.1016/j.envpol.2022.120433


Lima, A. Y. V. 2022. “Soil Health Assessment in the Brazilian Dryland
Region (Caatinga Biome).” PhD thesis (Mestrado em Ciência do Solo),
Universidade Federal do Ceará.

Lima, A. Y. V., M. R. Cherubin, D. F. Silva, et al. 2024. “Grazing Exclu-
sion Restores Soil Health in Brazilian Drylands Under Desertification
Process.”Applied Soil Ecology 193: 105107. https://doi.org/10.1016/j.apsoil.
2023.105107.

Liu, H., X. Wang, X. Song, et al. 2022. “Generalists and Specialists
Decomposing Labile and Aromatic Biochar Compounds and Seques-
tering Carbon in Soil.” Geoderma 428: 116176. https://doi.org/10.1016/j.
geoderma.2022.116176.

Liu, S., K. Zamanian, P. M. Schleuss, M. Zarebanadkouki, and Y.
Kuzyakov. 2018. “Degradation of Tibetan Grasslands: Consequences for
Carbon and Nutrient Cycles.” Agriculture, Ecosystems and Environment
252: 93–104. https://doi.org/10.1016/j.agee.2017.10.011.

Liu, X., W. Wang, J. Penuelas, et al. 2022. “Effects of Nitrogen-Enriched
Biochar on Subtropical Paddy Soil Organic Carbon Pool Dynamics.”
Science of the Total Environment 851: 158322. https://doi.org/10.1016/j.
scitotenv.2022.158322.

Lyu, H., H. Zhang, M. Chu, et al. 2022. “Biochar Affects Greenhouse
Gas Emissions in Various Environments: A Critical Review.” Land
Degradation and Development 33, no. 17: 3327–3342. https://doi.org/10.
1002/ldr.4405.

Ma, Y. 2023. “Abiotic Stress Responses and Microbe-Mediated Miti-
gation in Plants.” Agronomy 13, no. 7: 1844. https://doi.org/10.3390/
agronomy13071844.

Mendonça, E. S., and E. S. Matos. 2017.Matéria orgânica do solo: métodos
de análises. UFV-Gefert.

Mosa, A., M. M. Mansour, E. Soliman, A. El-Ghamry, M. El Alfy, and
A. M. El Kenawy. 2023. “Biochar as a Soil Amendment for Restraining
Greenhouse Gases Emission and Improving Soil Carbon Sink: Current
Situation and Ways Forward.” Sustainability 15, no. 2: 1206. https://doi.
org/10.3390/su15021206.

Oliveira, L. G. L., and A. S. R. Ipiranga. 2011. “Evidences of the
Sustainable Innovation in the Cashew Agribusiness Context in Ceará–
Brazil.” Revista De Administração Mackenzie 12: 1–29. https://doi.org/10.
1590/S1678–69712011000500006.

Ortiz, J., P. N. Vidal, M. Panichini, et al. 2023. “Silvopastoral Systems
on Degraded Lands for Soil Carbon Sequestration and Climate Change
Mitigation.” In Agroforestry for Sustainable Intensification of Agriculture
in Asia and Africa. Sustainability Sciences in Asia and Africa, edited by J.
C. Dagar, S. R. Gupta, and G. W. Sileshi, 207–242. Springer. https://doi-
org.ez11.periodicos.capes.gov.br/10.1007/978–981–19–4602–8_7.

Pokharel, P., Z. Ma, and S. X. Chang. 2020. “Correction to: Biochar
Increases SoilMicrobial BiomassWithChanges in Extra-and Intracellular
Enzyme Activities: A Global Meta-Analysis.” Biochar 3: 715. https://doi.
org/10.1007/s42773–020–00039–1.

Sanei, A., A. Rudra, Z. M. M. Przyswitt, et al. 2024. “Assessing Biochar’s
Permanence: An Inertinite Benchmark.” International Journal of Coal
Geology 281: 104409. https://doi.org/10.1016/j.coal.2023.104409.

Shen, Y., L. Zhu, H. Cheng, S. Yue, and S. Li. 2017. “Effects of Biochar
Application on CO2 Emissions From a Cultivated Soil Under Semiarid
Climate Conditions in Northwest China.” Sustainability 9, no. 8: 1482.
https://doi.org/10.3390/su9081482.

Shikha, F. S., M. M. Rahman, N. Sultana, M. A. Mottalib, and M. Yasmin.
2023. “Effects of Biochar and Biofertilizer on Groundnut Production:
A Perspective for Environmental Sustainability in Bangladesh.” Carbon
Research 2, no. 1: 10. https://doi.org/10.1007/s44246–023–00043–7.

Siedt,M., A. Schäffer, K. E. Smith,M. Nabel,M. Roß-Nickoll, and J. T. Van
Dongen. 2021. “Comparing Straw, Compost, and Biochar Regarding Their
Suitability as Agricultural Soil Amendments to Affect Soil Structure,
Nutrient Leaching, Microbial Communities, and the Fate of Pesticides.”
Science of the Total Environment 751: 141607. https://doi.org/10.1016/j.
scitotenv.2020.141607.

Sisti, C. P., H. P. dos Santos, R. Kohhann, B. J. Alves, S. Urquiaga, and
R. M. Boddey. 2004. “Change in Carbon and Nitrogen Stocks in Soil
Under 13 Years of Conventional or Zero Tillage in Southern Brazil.” Soil
and Tillage Research 76, no. 1: 39–58. https://doi.org/10.1016/j.still.2003.
08.007.

Steiner, C., N. Melear, K. Harris, and K. C. Das. 2011. “Biochar as Bulking
Agent for Poultry Litter Composting.” Carbon Management 2, no. 3: 227–
230. https://doi.org/10.4155/cmt.11.15.

Sugurbekova, G., E. Nagyzbekkyzy, A. Sarsenova, et al. 2023. “Sewage
Sludge Management and Application in the Form of Sustainable Fertil-
izer.” Sustainability 15, no. 7: 6112. https://doi.org/10.3390/su15076112.

Sun, Z., Z. Zhang, K. Zhu, et al. 2020. “BiocharAlteredNative Soil Organic
Carbon by Changing Soil Aggregate Size Distribution and Native SOC
in Aggregates Based on an 8-Year Field Experiment.” Science of the Total
Environment 708: 134829. https://doi.org/10.1016/j.scitotenv.2019.134829.

Swails, E., S. Frolking, J. Deng, and K. Hergoualc’h. 2024. “Degradation
Increases Peat Greenhouse Gas Emissions in Undrained Tropical Peat
SwampForests.”Biogeochemistry 167, no. 1: 59–74. https://doi.org/10.1007/
s10533–023–01110–2.

Teixeira, P. C., G. K. Donagema, A. Fontana, and W. G. Teixeira. 2017.
Manual de Métodos De Análise De Solo. 3rd ed. Embrapa.

USDA-ARS. 2001. Soil Quality Test Kit Guide. Soil Quality Institute.

Vasconcelos do Nascimento, I., L. G. Fregolente, A. P. de Araújo Pereira,
et al. 2023. “Biochar as a Carbonaceous Material to Enhance Soil Quality
in Drylands Ecosystems: A Review.” Environmental Research 233: 116489.
https://doi.org/10.1016/j.envres.2023.116489.

Vasconcelos do Nascimento, I. V., dos E. B. Santos, A. da Silva Lopes,
et al. 2024. “Biochar From Cashew Residue Enhances Silicon Adsorption
and Reduces Cohesion and Mechanical Resistance at Meso-and Micro-
Structural Scales of Soil With Cohesive Character.” Soil and Tillage
Research 241: 106101. https://doi.org/10.1016/j.still.2024.106101.

Verheijen, F. G., A. Zhuravel, F. C. Silva, A. Amaro, M. Ben-Hur, and J. J.
Keizer. 2019. “The Influence of Biochar Particle Size and Concentration
on Bulk Density and Maximum Water Holding Capacity of Sandy vs
Sandy Loam Soil in a Column Experiment.” Geoderma 347: 194–202.
https://doi.org/10.1016/j.geoderma.2019.03.044.

Wang, D., S. J. Fonte, S. J. Parikh, J. Six, and K. M. Scow. 2017. “Biochar
Additions Can Enhance Soil Structure and the Physical Stabilization
of C in Aggregates.” Geoderma 303: 110–117. https://doi.org/10.1016/j.
geoderma.2017.05.027.

Wang, Q., J. Yuan, X. Yang, et al. 2022. “Responses of Soil Respiration
and C Sequestration Efficiency to Biochar Amendment in Maize Field of
Northeast China.” Soil and Tillage Research 223: 105442. https://doi.org/
10.1016/j.envpol.2022.120433.

Xia, F., Z. Zhang, Q. Zhang, H. Huang, and X. Zhao. 2024. “Life Cycle
Assessment of Greenhouse Gas Emissions for Various Feedstocks-Based
Biochars as Soil Amendment.” Science of the Total Environment 911:
168734. https://doi.org/10.1016/j.scitotenv.2023.168734.

Xião, H., Q. Lin, G. Li, X. Zhao, J. Li, and E. Li. 2022. “Compari-
son of Biochar Properties From 5 Kinds of Halophyte Produced by
Slow Pyrolysis at 500◦C.” Biochar 4, no. 1: 12. https://doi.org/10.1007/
s42773–022–00141–6.

Xin, X., D. Jin, Y. Ge, et al. 2020. “Climate Change Dominated Long-
Term Soil Carbon Losses of Inner Mongolian Grasslands.” Global
Biogeochemical Cycles 34, no. 10: e2020GB006559. https://doi.org/10.1029/
2020GB006559.

Xu, H., A. Cai, D. Wu, et al. 2021. “Effects of Biochar Application on Crop
Productivity, Soil Carbon Sequestration, and Global Warming Potential
Controlled by Biochar C: N Ratio and Soil pH: A Global Meta-Analysis.”
Soil and Tillage Research 213: 105125. https://doi.org/10.1016/j.still.2021.
105125.

Xu, Y., B. Seshadri, B. Sarkar, C. Rumpel, D. Sparks, and N. S. Bolan.
2018. “Microbial Control of Soil Carbon Turnover.” In The Future of Soil

12 Journal of Plant Nutrition and Soil Science, 2025

 15222624, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jpln.70016 by João M

arcos R
odrigues dos Santos - U

FC
 - U

niversidade Federal do C
eara , W

iley O
nline L

ibrary on [11/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.apsoil.2023.105107
https://doi.org/10.1016/j.geoderma.2022.116176
https://doi.org/10.1016/j.agee.2017.10.011
https://doi.org/10.1016/j.scitotenv.2022.158322
https://doi.org/10.1002/ldr.4405
https://doi.org/10.3390/agronomy13071844
https://doi.org/10.3390/su15021206
https://doi.org/10.1590/S1678-69712011000500006
https://doi-org.ez11.periodicos.capes.gov.br/10.1007/978-981-19-4602-8_7
https://doi.org/10.1007/s42773-020-00039-1
https://doi.org/10.1016/j.coal.2023.104409
https://doi.org/10.3390/su9081482
https://doi.org/10.1007/s44246-023-00043-7
https://doi.org/10.1016/j.scitotenv.2020.141607
https://doi.org/10.1016/j.still.2003.08.007
https://doi.org/10.4155/cmt.11.15
https://doi.org/10.3390/su15076112
https://doi.org/10.1016/j.scitotenv.2019.134829
https://doi.org/10.1007/s10533-023-01110-2
https://doi.org/10.1016/j.envres.2023.116489
https://doi.org/10.1016/j.still.2024.106101
https://doi.org/10.1016/j.geoderma.2019.03.044
https://doi.org/10.1016/j.geoderma.2017.05.027
https://doi.org/10.1016/j.envpol.2022.120433
https://doi.org/10.1016/j.scitotenv.2023.168734
https://doi.org/10.1007/s42773-022-00141-6
https://doi.org/10.1029/2020GB006559
https://doi.org/10.1016/j.still.2021.105125


Carbon, edited by C. Garcia, P. Nannipieri, and T. Hernandez, 165–194.
Academic Press. https://doi.org/10.1016/B978–0–12–811687–6.00006–7.

Yang, S., Y. Xiao, X. Sun, J. Ding, Z. Jiang, and J. Xu. 2019. “Biochar
improved rice yield and mitigated CH4 and N2O emissions from paddy
field under controlled irrigation in the Taihu Lake Region of China.”
Atmospheric Environment 200: 69–77. https://doi.org/10.1016/j.atmosenv.
2018.12.003.

Yang,W., G. Feng, D.Miles, et al. 2020. “Impact of Biochar onGreenhouse
Gas Emissions and Soil Carbon Sequestration in Corn GrownUnder Drip
Irrigation With Mulching.” Science of the Total Environment 729: 138752.
https://doi.org/10.1016/j.scitotenv.2020.138752.

Yeomans, J. C., and J. M. Bremner. 1988. “A Rapid and Precise Method
for Routine Determination of Organic Carbon in Soil.” Communications
in Soil Science and Plant Analysis 19, no. 13: 1467–1476. https://doi.org/10.
1080/00103628809368027.

Yerli, C., T. Cakmakci, and U. Sahin. 2022. “CO2 Emissions and Their
Changes With H2O Emissions, Soil Moisture, and Temperature During
the Wetting–Drying Process of the Soil Mixed With Different Biochar
Materials.” Journal of Water and Climate Change 13, no. 12: 4273–4282.
https://doi.org/10.2166/wcc.2022.293.

13

 15222624, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jpln.70016 by João M

arcos R
odrigues dos Santos - U

FC
 - U

niversidade Federal do C
eara , W

iley O
nline L

ibrary on [11/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/B978-0-12-811687-6.00006-7
https://doi.org/10.1016/j.atmosenv.2018.12.003
https://doi.org/10.1016/j.scitotenv.2020.138752
https://doi.org/10.1080/00103628809368027
https://doi.org/10.2166/wcc.2022.293

	Biochar as a Strategy to Mitigate Greenhouse Gases in Degraded Drylands of the Brazilian Semiarid Region: Carbon Stocks and CO2 Fluxes
	1 | Introduction
	2 | Materials and Methods
	2.1 | Soil Collection, Location, Experimental Design, and Treatments
	2.2 | Evaluated Variables
	2.3 | Statistical Analysis

	3 | Results
	3.1 | Bulk Density
	3.2 | Soil Organic Carbon
	3.3 | Soil CS
	3.4 | CO2 Emissions

	4 | Discussion
	4.1 | Bulk Density
	4.2 | Soil Organic Carbon
	4.3 | Soil CS
	4.4 | CO2 Emissions

	5 | Conclusions
	Acknowledgments
	Data Availability Statement

	References


