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ABSTRACT

Biochar is recognised as a feasible carbon dioxide (CO,) removal technology for achieving net-zero carbon (C) targets to address
climate change; however, once applied to the soil, biochar may behave differently compared to fresh biomass. Our study aimed
to evaluate the effects of biochar and sugarcane straw on soil CO, emission dynamics in a weathered tropical soil. A 56-day in-
cubation experiment was conducted following a completely randomised design, with four replicates and three treatments: soil,
soil +straw, and soil + biochar. Gas samples were collected weekly until day 28 to assess the isotope signature of the CO, emitted,
and until day 56 to determine the total CO, emission. Our results demonstrated that biochar was more effective in reducing
CO, losses as it increased mineralisation rates by 19%, whereas sugarcane straw increased by 126%. Both organic amendments
initially induced a positive priming effect; however, for biochar, this response was short-lived. Cumulative, priming effect, and
amendment-derived CO, emissions had a positive correlation with labile C, oxygen, nitrogen, and C—0O, which were mainly
seen in sugarcane straw. We conclude that, while biochar may be considered an effective tool for reducing CO, losses due to its
chemical stability, its initial positive priming effect should be taken into account in future studies assessing its C sequestration
potential in tropical environments.

1 | Introduction studied worldwide. In tropical conditions, many are based on

soil conservation practices, such as no-till farming and crop har-

Reducing greenhouse gas emissions and implementing car-
bon dioxide (CO,) removal strategies that store carbon (C) in
nonreactive and persistent forms are valuable tools for achiev-
ing net-zero targets aimed at limiting climate change (Babiker
et al. 2023). Nevertheless, soil management strategies that
promote C accumulation offer benefits beyond environmental
impacts, also ensuring food and fibre production. Given their
significance, various best management strategies are being

vesting without burning, which leave large amounts of residual
biomass (Menandro et al. 2017). These practices are effective in
protecting the soil while still introducing organic compounds
(e.g., via root exudates, plant litter, and straw). However, these
inputs also have the potential to enhance the mineralisation of
soil organic carbon (SOC) by stimulating microbial metabolic
processes, a phenomenon known as the positive priming effect
(Zhou et al. 2024).
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Summary

« Sugarcane straw induced a 129% higher initial min-
eralisation of SOC than soils without organic amend-
ment application, whereas biochar increased it by
19%.

The majority of the C mineralised under straw-
amended soils was due to the decomposition of the
organic material.

Biochar positive-priming effect was short-lived, reach-
ing values near zero 28 days after its application.

Labile- and oxidised-C forms in the material exhibited
a positive relationship with CO, emissions.

In this scenario, biochar has been considered an alternative
once its chemical characteristics contribute to long-term C
stability in the soil, which could last up to 1000years (Woolf
et al. 2021). Since the charred material is produced through
thermochemical processes (e.g., pyrolysis, hydrolysis, gas-
ification) that convert fresh biomass under elevated tem-
peratures and limited oxygen, several reactions lead to the
formation of stable C structures (Ghodake et al. 2021). The
presence of these structures ultimately contributes to biochar's
persistence in soils, resulting in slower decomposition rates
compared to fresh biomass. This resistance to decomposition
may represent a key strategy for enhancing C sequestration in
environments with higher soil C losses due to the high tem-
peratures, humidity, and biological activity, which are condi-
tions typically found in tropical regions. However, studies that
provide information on how biochar may influence C miner-
alisation patterns remain particularly scarce in tropical soils,
especially in South America (Zhang et al. 2020). These results
are relevant for calibrating process-based models to particular
edaphoclimatic conditions, thereby increasing the reliability
of model predictions over the impacts of land management on
C fluxes. Moreover, identifying potentially material-related
parameters that are related to CO, flux responses could help
predict the outcomes following the addition of different bio-
mass types based on their characteristics.

We hypothesise that due to its chemical recalcitrancy, bio-
char will decrease soil CO, emissions and induce a negative
priming effect. Therefore, this study aimed to: (a) assess the
cumulative CO, emissions to determine the extent to which
the biochar is more stable than fresh material; (b) quantify
C losses derived from the priming effect and from the added
organic amendments following biochar or straw application;
and (c) identify the chemical properties (i.e., labile C con-
tent, elemental composition, and surface functional groups)
most strongly associated with CO, emissions from distinct C
sources, in order to better understand the key drivers of the
observed responses.

2 | Materials and Methods

An incubation experiment with Ferralsol was performed in
controlled conditions. Soil sampling was conducted in a native

tropical forest in Sao Paulo state, Brazil (S 22°48" W 47°03’), at
a depth of 0.2m. For the experimental setup preparation, 30g
of soil (total C: 26.6gkg™"; 6'3C (%o): —26.70) was dried, sieved
(2mm), and added to 250 mL Erlenmeyer flasks. Soil chemical
(Raij et al. 2001) and physical (Dane and Topp 2020) properties
are available in Table S1. The biochar utilised was obtained by
slow pyrolysis at 450°C of air-dried, milled sugarcane straw
(~10% moisture).

The experiment followed a completely randomised design,
with four replicates and three treatments: soil (control),
soil + straw (straw), and soil + biochar (biochar). The soil-
containing experimental units were pre-incubated for 5days
at 22°C and 65% of the soil water holding capacity (WHC),
with these conditions maintained throughout the experimen-
tal period. Subsequently, except for the control treatment,
each experimental unit received a C input of 1g as sugarcane
straw (total C: 485gkg™; total nitrogen (N): 5gkg™!; C/N
ratio: 97; 8'3C (%o): —12.52) or biochar (total C=519gkg™;
total N: 5gkg™!; C/N ratio: 104; §'3C (%o): —14.67). The straw
was dried and milled into smaller particles, whereas the bio-
char was sieved through a 0.149 mm mesh to ensure uniform
particle size. Both materials were then evenly homogenised
with the soil. The experimental units remained closed during
the experimental period with rubber stops, where CO, emis-
sions were quantified using the soda lime adsorption method
(Edwards 1982). Soda lime traps were used to determine
weekly the CO, emissions accumulated over a seven-day in-
terval until Day 56 after the beginning of the experiment.

Gas samples (~12mL) were collected weekly from each flask
until Day 28 to assess the isotopic signature of the emitted
CO,. Since the soda lime method provided CO, fluxes over
seven-day intervals, the CO, concentration in the samples was
also analysed using a gas chromatograph (Autosampler XL,
PerkinElmer, Cambridge, UK) to calculate isotopic ratios. An
Isotope Ratio Mass Spectrometer (ThermoFinnigan, Bremen,
Germany) was used to quantify the 8'3C of the gas samples.
These values were then used to distinguish the proportion of
CO, derived from the organic amendment C by a simple two-
part mixing model following the equations proposed by Cross
and Sohi (Cross and Sohi 2011). The absolute priming effect
(or primed soil CO,) was calculated using the following equa-
tion (Guenet et al. 2012):

PE (mg C kg dI'y SOﬂil) =aXx Qsample - Qcontrol

where, PE is priming effect; Qsample is the total CO, emis-
sion from the soils with biochar or straw, and QSample
is the emissions of soil only. The a« was obtained by
@ = (8piochar/straw ~ Ssample) / (Sbiochar/straw — Scontro s With the isoto-
pic signature from biochar or straw (S, par/siraw)> from CO,
emissions of the sample (& ), and the control treatment
©

sample

control)'

Sugarcane straw and biochar were evaluated by the X-ray pho-
toelectron spectroscopy (XPS) analysis to chemically character-
ise the organic materials outermost layer in terms of elemental
composition and C bonds (Figure 1). Peak assignments for C-1s
spectra identification followed the parameters detailed in (Singh
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(a) Sugarcane straw

C-C/C=C
44.8%

W—ml Si 1%
— N
C-0 2.16%

19.9%

C=0
6%

O-czo
3.3%

284.6 eV, Aliphatic/aromatic carbon groups (C-C/C=C)
285.8 eV, Hydroxyl and ether groups (C-0)

(b) Biochar

c-C/c=C
50.5%

287.2 eV, Carbonyl groups (C=0)
288.8 eV, Carboxilic groups, esters and lactones (0-C=0)

FIGURE1 | Elemental composition (inner circle) and C chemical bond composition (%) (outer circle) of the surface of straw (a) and biochar (b)
obtained by XPS analysis (n=3). The figure legend indicates the energy range (eV) employed in peak assignments for the C-1s spectra.

et al. 2014). Micromorphology images were obtained by scan-
ning electron microscopy (SEM) to compare the physical prop-
erties of the materials (Figure S1).

We conducted an additional protocol to assess the labile C con-
tent (i.e., the amount of C evolved from a material) from both
biochar and sugarcane straw, as this parameter provides insight
into the fraction of C readily available for microbial decompo-
sition. A sample of each material (2g) was added to a 250mL
Erlenmeyer flask containing 20g of sterilised quartz sand,
with four repetitions in a completely randomised design (n=4).
Throughout the experiment, moisture was maintained at 65% of
the WHC using distilled water. The CO, evolution throughout
the experiment was quantified gravimetrically using soda lime
(Edwards 1982), where the soda lime mass gain is converted
to mineralised C using the conversion factor of [1.69 X (mass
gain) x 12/44] (Cross and Sohi 2011). Labile C was calculated as
the ratio of mineralised C (evolved CO,) to total C content (i.e.,
soil C+ biochar/straw C). Control was represented by an empty
flask, which was used to enable the correction of the CO, gained
during the preparation of the vials, the flask headspace at clo-
sure, and the re-drying of the soda lime prior to weighing.

Statistical analyses were obtained using the R software (R Core
Team 2022). One-way analysis of variance (ANOVA) was em-
ployed to assess the effects of cumulative CO, emissions at
the end of the experiment, and a repeated-measures ANOVA
(Pinheiro et al. 2022) was used to evaluate parameters that were
compared over time. Log transformations were performed to
improve model fit and guarantee that statistical assumptions
were satisfied. Significance levels were set at 0.05, and statistical
differences were evaluated by the Tukey test using the emmeans
package (Lenth 2022). The Principal Component Analysis (PCA)
was performed to assess the biochar properties that exhibited

1.6%
- Straw
Biochar
a
1.2%
b
(] ] a
2 ? 0, a
3 é0.8/o
© a
-
0, b
0.4% b
: | b
I
.0%
0.0 7 14 21 28

Days

FIGURE 2 | Labile C content from sugarcane straw and biochar
during a 28-day incubation period. Data (mean + SE, n=4) followed by
different letters denote significant differences among treatments at each
period by Tukey's test (p <0.05).

significant relationships with soil CO, emissions from different
soil C sources by day 28.

3 | Results and Discussion

Biochar is primarily known as a highly recalcitrant material due to
the thermochemical conditions of pyrolysis, which transform the
more labile C from fresh biomass into more aromatic/condensed
stable structures (Li et al. 2023). Our findings are aligned with
this statement, as sugarcane straw demonstrated higher labile C
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content in comparison to its derived biochar (Figure 2). We could
also observe that biochar exhibited a more pronounced initial loss
of labile C, decreasing 77% in the period between days 7 and 14.
This initial loss is attributed to the release of water-soluble organic
compounds from the biochar structure, thereby increasing the dis-
solved organic C pool in soils. As this fraction is highly available to
be metabolised by soil biota, it is rapidly mineralised in soil (Han
et al. 2020), which most likely caused the high CO, emission in the
first week following biochar application. Conversely, sugarcane
straw mineralisation was more uniform, presumably reflecting its
organic structure undergoing biotic breakdown over time as straw
comprises a myriad of C-containing structures in varying degrees
of lability (Menandro et al. 2017), serving as a constant energy
source for microorganisms.

In addition to the lower labile C content, biochar application was
a more efficient approach for mitigating CO, emissions while pro-
viding a direct C input. This was evidenced by a 19% increase in soil
mineralisation when biochar was applied compared to the control,
whereas straw addition resulted in a 126% increase (Figure 3a).
Given these results, biochar induced an initial mineralisation 2-
fold lower compared to the addition of fresh biomass. These find-
ings are consistent with previous research indicating that biochar
application induces lower cumulative CO, emissions than soils

with straw addition (Zhou et al. 2024; Liu et al. 2020). Temporal
CO, emissions, measured using both gas chromatography and the
soda lime method, can be found in Tables S2 and S3, respectively.

Straw-amended soil consistently showed a higher amount of
CO, derived from the straw throughout the experiment com-
pared to biochar treatments, with emissions 70% higher by day
28 (p<0.05) (Figure 3b). This result might be explained by the
higher amount of labile C components in the fresh biomass
(Figure 2), which serves as an energy source for decompos-
ing microorganisms. Although straw addition increased total
CO, emissions, it did not initially induce a significant positive
priming effect (i.e., extra mineralisation of SOC) (Figure 3c). In
contrast to our findings, Zhou et al. (2024) showed that maize
straw triggered an initial positive priming effect in a Ferrasol
in subtropical monsoon climate conditions. A possible explana-
tion for the discrepancy in these responses can be attributed to
the different types of fresh biomass used. Specifically, the maize
straw evaluated in the study exhibited a lower C/N ratio (C/N
ratio of ~64) compared to the sugarcane straw. When using a
more easily degradable material, the soil microbiome may rap-
idly metabolise the C found in the biomass, potentially utilising
SOC to sustain microbial growth. This implies that different
types of biomass will lead to distinct mineralisation dynamics.
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a 50.6a
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A
0 2 26.6b
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FIGURE 3 | Cumulative soil CO, emissions over a 56-day incubation experiment (a), and the respective contribution of biochar or mineralisa-

tion (b), and absolute priming effect (c) to total cumulative soil CO, emissions by the first 28 days of the incubation. Panels b and c share the same

y-axis. Data (mean + SE, n=4) followed by different letters denote significant differences among treatments within each time period by Tukey's test

(p<0.05).
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Consequently, the initial benefits of using biochar instead of
fresh biomass for SOC conservation may vary depending on the
type of biomass in each scenario.

Since biochar has been recognised for its potential to induce a
negative priming effect (Zhang et al. 2024), we expected this
result in the treatment with biochar. Conversely, biochar in-
duced a higher positive priming effect than sugarcane straw
by day 7 (Figure 3c). The absence of an early negative priming
effect may be attributed to the specific characteristics of the
soil used in this study. Soils commonly found in tropical re-
gions, such as Ferrasols, are typically characterised by high
acidity, low fertility, and a relatively low concentration of C
(Gomes et al. 2019). These characteristics represent chemical
and C constraints for microbes, which may be temporarily al-
leviated by the C input from biochar addition. As a result, the
amount of low-molecular-weight, readily degradable organic
compounds present in biochar could initially stimulate micro-
bial activity and enhance SOC mineralisation in tropical soils
(Yu et al. 2023).

The same effect was not observed under straw application at day
7, despite its higher proportion of labile C compared to biochar.
This likely reflects the continuous release of labile compounds
during straw decomposition, in contrast to the short-lived re-
lease from biochar (Figure 2). By the end of the first week, the
energy provided by biochar may have been insufficient to sustain
microbial activity, whereas straw continued to supply labile C
molecules, evidenced by the higher proportion of straw-derived
CO, (Figure 3b). However, this pattern progressively changed,
with the positive priming effect induced by biochar tending to-
ward zero by day 28. In contrast, the CO, emissions from the
priming effect caused by straw application continued to increase

j
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FIGURE 4 | Results of the principal component analyses (PCA) of
the organic amendments properties and CO, emissions originating
from different soil C pools. Different ellipses indicate the grouping of
different PCA means for treatments, and the response variables are rep-
resented by arrows. Loading values higher than 0.5 in absolute values
were considered for factor interpretation (bold numbers). Total CO,:
CO, fluxes, C,, amendment-derived CO, emissions; PE, priming effect.

throughout the incubation. This pattern may reflect the straw's
capacity to stimulate SOC losses through co-metabolism (i.e.,
losses in the SOC that were enabled by the addition of labile C
compounds) as the material decomposes (Guttiéres et al. 2021).
Conversely, since the readily available C in biochar is rapidly
depleted (Figure 2), losses by mineralisation are expected to di-
minish over time (Whitman et al. 2024).

Once the lower concentration of aromatic C forms and N con-
tent in the organic input dictates the enzymatic decomposition
by microbial activity, its chemical composition will ultimately
influence the mineralisation patterns of SOC pools. In this
study, total CO, emissions exhibited a positive correlation with
both amendment-derived CO, and the priming effect, as these
parameters were primarily higher under straw than biochar at
day 28 (Figure 4). This effect was linked with the high levels
of labile- and oxidised-C forms in the straw. In contrast, pa-
rameters that contribute to the recalcitrance of the material,
including aromatic groups (C—C/C=C), had a negative cor-
relation with the priming effect. These findings indicate that
the presence of more condensed and stable C-structures in
biochar, which are more resistant to microbial decomposition,
contributed to the lower CO, emissions in biochar-containing
soil. However, this was only observed due to the lower priming
effect induced by biochar on day 28 compared to straw, sug-
gesting that the recalcitrant nature of biochar contributes more
significantly to its long-term stability once its labile C fraction
is depleted.

4 | Conclusions

Our findings reinforce biochar's ability to represent a C input
that induces lower CO, emissions by soils compared with fresh
biomass. However, in contrast with our hypothesis, biochar did
not induce a negative priming effect when added to tropical soil
with low pH and C content. Despite the initial mineralisation
of native SOC following biochar addition, this positive priming
effect is expected to be short-lived, approaching values close
to zero by the end of the first month. By this time, the higher
C content and presence of aromatic C groups (C—C/C=C) in
biochar will contribute to a reduced priming effect and lower
CO, emissions. Conversely, properties that enhance microbial
decomposition, such as labile C, N, and oxygen content, had a
positive link with soil CO, fluxes. Our findings highlight that
biochar will have a distinct impact on soil CO, fluxes com-
pared with fresh biomass, with chemical properties of organic
amendments playing a key role in shaping this response. We
recommend that future studies account for these factors when
calibrating biotic-based models to improve long-term predic-
tions of C stocks in soils with biochar application under tropical
conditions.
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