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fiWe know more about the movement of celestial
bodies than about the soil underfaot.
(Leonardo d&/inci)

fiThe beautiful thing about healthy soil is that it
does not matter if you care about climate change,
or if you care about the drought, or if you just care
about healthy food, or if you want to see more
biodiversity, restoring soil hits all of those targets.
Almost everyone has some setérest or desire
for soil to be restored 0

(Laura Tucker, Kiss the Ground)

fiGlobal sustainability is now the only avenue to
future inclusive progress that can deliver the
Sustainable Development Goals and the Paris
climate agreement. O

(Johan Rockstrom)
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ABSTRACT

Biochar application has emerged as a promising strategy to enhance soil carbon (C)
sequestration, improve soil health, and mitigate climate change. However, its effects on soil C
pools vary widely due to differences in feedstock, pyrolysis conditionsicapph rates, soll

types, and environmental factors. This study aimed to quantify the potential of biochars to alter
soil C pools under different conditions through a global raetlysis and to understand the
direct and indirect contributions of sewadedgie biochar (SSB) to soil C storage in a seven
year field trial on a tropical Oxisol. In the first chapter, a natalysis of 586 paired
comparisons from 169 studies worldwide was conducted. The results showed significant
increases in total C (TC), ongia C, microbial biomass C, labile C, and fulvic acid following
biochar application, with factors such as biochar properties, soil characteristics, and
experimental conditions influencing these effects. The second chapter detailed -gesgven
field trial assessing the effects of SSB pyrolyzed &°30and 50°C on soil C pools and crop

yield. SSB application increased soil TC and total nitrogen levels, enhanced {tveidiaable
organic C pool, and improved soil fertility. However, positive effects on crop yield declined
over time without supplemental minerairtilization. In the third chapter, the global meta
analysis findings were integrated with the local field trial results. The comparison revealed
discrepancies, highlighting the importance of tailgrbiochar applications to local conditions.
Despite lower percent increases in soil C fractions in the field trial, the absolute TC gains were
substantial, suggesting that SSB can effectively enhance soil C stocks in tropical soils when
appropriately marged. This study confirms that biochar can enhance soil C sequestration, but
its effectiveness is highly contegependent, emphasizing the need to understand the factors
influencing its impact on sof pools for sustainable agriculture and climate chanigigation.

Keywords: biochar soil carbon sequestratipsewage sludge biochametaanalysis soil
organic matter poojstropical soils pyrolysis temperaturesustainable agricultureclimate
change mitigation

vii



RESUMO

A aplicacdo de biochar surgiu como uma estratégia promissora para aumentar o sequestro de
carbono (C) no solo, melhorar a saude do solo e mitigar as mudancas climaticas. No entanto,
seus efeitos nas fragdes de C do solo variam amplamente devido a difesengérigrima,
condicOes de pirdlise, taxas de aplicacao, tipos de solo e fatores ambientais. Este estudo teve
como objetivo quantificar o potencial dos biochars para alterar as fracdes do C do solo sob
diferentes condicdes através de uma raetidiseglobal e compreender as contribuicdes diretas

e indiretas do biochar de lodo de esgoto (SSB) para o armazenamento de C no solo em um
estudo de campo de sete anos em um Latossolo tropical. No primeiro capitulo, foi realizada
uma meteanalise com 586 compgdes pareadas de 169 estudos conduzidos em todo o mundo.
Os resultados mostraram aumentos significativos no C total (TC), C organico, C da biomassa
microbiana, C labil e acido falvico apés a aplicagédo de biochar, com fatores como propriedades
do biochar,caracteristicas do solo e condi¢cdes experimentais influenciando esses efeitos. O
segundo capitulo detalhou um ensaio de campo de sete anos avaliando os efeitos do SSB
pirolisado a 300°C e 500°C nas fracdes de C do solo e na produtividade da culturegag@apli

de SSB aumentou os niveis de TC do solo e nitrogénio total, aumentou a fracdo de C organico
nao oxidavel e melhorou a fertilidade do solo. No entanto, os efeitos positivos na produtividade
da cultura diminuiram ao longo do tempo sem a fertilizac&enali suplementar. No terceiro
capitulo, os resultados da metaalise global foram integrados com os resultados do estudo de
campo local. A comparacao revelou discrepancias, destacando a importancia de adaptar as
aplicacdes de biochar as condicdes locApesar dos aumentos percentuais menores nas
fracbes de C do solo no estudo de campo, os ganhos absolutos de TC foram substanciais,
sugerindo que o SSB pode efetivamente aumentar os estoques de C no solo em solos tropicais
gquando adequadamente manejadde Eestudo confirma que o biochar pode aumentar o
sequestro de C no solo, mas sua eficacia é altamente dependente do contexto, enfatizando a
necessidade de compreender os fatores que influenciam seu impacto nas fracdes de C do sola
para uma agricultura sesttavel e mitigacdo das mudancas climaticas

Palavras-chave: biochatr sequestro de carbonm solo, biochar de lodo de esgotmeta
analisefracbesdamatéria organica do sqlsolos tropicaistemperatura de pirélisagricultura
sustentavelmitigacdo das mudancas climéaticas
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1. INTRODUCTION

Despite being discussed for a long time, the climate change issue is increasingly
contemporary Therefore because environmental responsibility géobal international
agreements have been signed to mitigate climate ci{8ngeil, 2017) In addition, reduag
greenhouse gas (GHG) emissions is coupled wgihgcarbon (C) sequestration technologies,
l.e., removingC from the atmosphere. #ppropriatelyadopted, both approaches can jointly
play a key role in mitigating the global climate crigtsiss et al., 2014)

Various technologies have been adopted across the world to increase C sequestration
in the soil and mitigate GH&missiongSmith, 2016)Biocharis the solid product of pyrolysis,
the thermochemical conversion process of biomass in the absence or limited presence of oxygen
(Sohi, 2012)Biochar as a soil amendment has been proposed as a global strategy to mitigate
climate changéLehmann et al., 202B8nd contribute to food securifyoseph et al., 2021An
interestingreview lists C sequestration as thain benefit of biochar to soil ecosystem services
( Bl anco CaAcepulingtoL2htnanitpl.(2021) biochar systems have the potential
to offset 2.4 to 6.3 Pg Yrof COx-equivalent emissions globally by i) reducing C mineralization
and norCQO, emissions compared to ngyrolyzed feedstocksii) avoiding fossil fuel
emissions, including those associated with biomass transport and application/digposal
promoting plant growth and thus C storage in plant bionaaskiv) reducing mineralization of
soil organic matte(SOM).

Several feedstocks can hesed in biochar productiofTomczyk et al.,, 2020)
However, in the circular economy scenario, locally availabsainable sourced feedstocks are
preferablgHu et al., 2021)Sewage sludge (SS) is a waste of limited disposal, and its reuse is
still neglected worldiide. Alternatively, when applied to spiSS biocharcan sequester C
without changingcurrent land us@Racek et al., 2020)

The content andtability of the C that makes up biochar depends on several aspects,
including the feedstock and pyrolysis tempera{@ahikari et al., 2024; Li et al., 201.9Yany
independenstudies have evaluatéde effects of biochar on soil C podBigueiredo et al.,
201%; Huang et al., 2018; Yang et al., 2018; Zhao et al., 2020)ever studies focused on
an integrated comprehension of these pools are still lackimythey caelucidatethe impact
of biochar use on SOM transformation and quality.

In general, the soil comprises two major C pools: labile and stabienrlabile
(Dynarski et al., 2020)Thesepoolsplay distinct roles in theoil C dynamicsThe C in labile
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pools (e.g., microbial biomass C, potassium permanganate oxidizable C) is more rapidly cycled
and is used as an energy source by the soil microbiota. On the other hand, C stored in stable
pools(e.g., inert C, humin) can remain in the goil thousands of years, immobilizing C that
might otherwise be in the atmosphégtrosser, 2011)As most studies with biochar do not
provide longterm results and do ndtscriminatebetween thespools quantifying soil C in its
totality, in some cases soil C immobdimn due to biochar application requires confirmation.
Finally, due to environmental ubiquity, thinking globally and acting locally is
necessanyin this study, we initially quantified the effects and identified the factors modulating
biocharinduced changes in soil C pools by analyzing studies conducted across multiple sites
and conditions worldwideAdditionally, we addressed efforts to sequester C in the soil using
biochar under local conditions. Subsequently, the results of atéomglocal study were

evaluated and compared to global findings
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2. OBJECTIVES

2.1.Main objective

To assess the changesC sequestration in different SOM pogiomoted by biochar
application, and testablish links between global results and tHiosa a severyear field trial

of sewage sludge biochar (SSB) applicatioran®xisol.

2.2.Specific objectives

1. To quantify the potential of biochar to alter s@iffractions under a wide variety of
biochar, soil, and experimentbnditions through a global metaalysis

2. To assess the dynamics®@in labile and stabl8OM pools over seven years following
SSBapplication, and to evaluate the direct and indirect contributions of SSB © soill
stocks

3. To integrate insights on the effects of biochar on €giools from global and local
perspectives by comparing global metaalysis data with local field trial results,

offering a comprehensive analysis of biochar use for soil carbon management
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3. HYPOTHESIS

1. Biochars from different feedstocks produced under distinct pyrolysis conditions affect
soil C pools differently, and factors such as biochar application rate, soil C content,
climate, duration, and type of experiment are critical in influencing these effects.

2. SSBcan sequesté&® into stableSOM pools over an intermediate period due to its low
C/N ratio; at the applied biochar rate, the direct contributiof tbm SSB to total
soil C content is negligible, but the indirect contribution through stimulation of plant
biomass production significantly increases soil C stocks.

3. Integrating global metanalysis data with local field trial results will reveal that
biochar's effects on soil C pools are corvgpecific, and that localized field data are
essential to validate and refine global findings for effective soil C management

practices
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4. LITERATURE REVIEW

4.1. Strategies to boost soil C sequestration

The anthropic contribution to global warming is unequivgdaCC, 2021)In light of
this, global commitments are being signed to mitigateotigoing climate change. Recently,
ambitious voluntary goals were signed in the Paris Agreement, and Brazil is one of the parties.
This agreement aims to limit global warming tC2Zcompared to prendustrial levelsaiming
to achieve anaximum of 1.5°QBrazil, 2017) Thus, its focus is on reducing greenhouse gas
(GHG) emissions. In this sense, at COP26 in 2022, Brazil reaffirmed its commitment to reduce
GHG emissions in 37% by 2025 and 50% by 2030, both compared to 2005 levels. In addition,
Brazil's longterm goal is to achieve climate neutrality by 2QBéazil, 2022a)

Furthermore, in parallel, C sequestration strategiessuchéé el 000 | ni t i a
(4p1000)havebesn adopted to offset the inevitable GHG emissigdBIFCCC, 2021) This
approactfocuses orsequesteng C in the soil, the second largest reservoir on the plduadt
2010) Therefore, to enableationsto meet these goaldevelopng, validatng, improving, and
disseminang effective and sustainable C sequestration technoloescial

In this context, Brazis booming agribusiness plays a key rol@nplemening both
approachesBy adopting sustainable and validated practices and technologies, it will be
possible to contribute to the voluntary or regula@dnd methane credit market. Thus,
stakeholders will beencouraged to pursue climate goals and Brazilian agribusiness will
continue to move towards sustainability.

Brazil's environmental agenda includes the Low Carbon Emission Agriculture Plan
(Plan ABC, 20162020) and the Sectoral Adaptation Plan for a Low Carbon Agriculture for
Sustainable Development (Plan ABC20232030), sectoral policies for mitigation and
adaptation to climate change that aim to consolidate a low C economy in agriculture. The
strategies of these plans focus on the restoration of degraded pastures, the integratien of crop
livestockforest, groforestry systems, rillage systems, biological N fixation, forest planting
and animal waste treatme(®razil, 202, 2012). The Brazilian government announced the
National Fertilizer Plan in 202® reinforce this goalt foresees the adoption of new materials
and new sources of raw materials in the fertilizer industry to reduce external dependency, in
addition to the incorporation of the circular economy concept and access to the C market by the
Brazilian plant nutribn industry(Brazil, 2022b) Thus, agrandustrial and urban wastes, such

1 Agricultura de Baixo Carbondn Portuguese
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as sewage sludge (S8jepromoted as a potential source to supply nutrients and C to the soil

simultaneously.

4.2.Sewage sludge generation and disposal: current scenario

Population growti{UN, 2019) improved access to sanitary sewer@idP, 2021 and
stricter environmental regulations result in inceeeSSproduction.This solid waste generated
in wastewater treatment plants is composed of water, microorganisms, organic materials, and
sedimented minerakZhang et al., 2017)Thus, SS is an important source of organic matter
and nutrientgKacprzak et al., 2017}urthermore, in activated sludge wastewater treatment
plants, approximately 50% of the operating costs aseceésted with sludge management
(Collivignarelli et al., 2015)

Worldwide, an estimated 984.6 millior’iof wastewater is producedilyg equivalent
to 49.0 ni yr' ! per capita(Jones et al., 2021)n the Federal District of Brazil, from 2015 to
2021, on average 338° of SS were generated daily, dfieh less than half (44%) was disposed
of (CAESB, 2022)There areseveratesearclapproaches focused onnimizing SSgeneration
in treatment plantddowever, the paradigm shift on this topic naade it possibléo recognize
multiple possibilitiesfor SS disposalHence from a circular economy perspective, it is
necessary to dispose of this waste prop@lyasthi et al., 2022)

Nowadays, there are multiple possibilities for the disposal and re&®, aficluding
incineration, landfilling, reuse in agriculture, reuse in civil construction, recovery of degraded
areas, composting, absorbent material, pyrolysis, gasification, among @hesthi et al.,
2022; Collivignarelli et al., 2019Regarding agricultural reuse, the amount of N and P in the
sewage could replace Zand 15% of the total N and P fertilizers used worldwide, respectively
(Andersson et al., 202Mlowever, its diposal may be limited due to the organic and inorganic
contaminant conterfKacprzak et al., 2017)

The Brazilian Cerrado region is characterized by naturally low soil feltildpes and
Guilherme, 2016)However, recent studies have demonstrated the potential of SS application
to enhance soil nutrient availability in this regi@dmorim Janior et al., 2021; Prates et al.,
2020) Furthermore, the application of SS has been found to positively impact soil structure by
promoting aggregate formation and improving water infiltration réBasciaOrenes et al.,
2005; Nicholson et al., 2018; Tsadilas et al., 20@bjen the frequent occurrence of prolonged
droughts in the Cerradblofmann et al., 2021¥such improvements in soil structure are of great

significance However, it is important to consider the potential effects of SS renssoib
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ecological processes and biodiversity in this region. Altho88happlicationrand disposal
benefits in Cerrado soils are evidéRtates et al., 2022addressing challenges related to SS
quality, contaminant removal, and biodiversity preservation is crucial. Therefore, estgblish
appropriate regulations and implemagtadvanced treatment technologies are vaansue

the safe and sustainable reuse of SS in the Cerrado

4.3.Sewage sludge biochar: a sustainable alternative for SS use

The pyrolysis of some materials generates a solid product called b{Sciar2012)
It differs from other types of charcoal in that it is intended for soil amendment or C sequestration
(Novotny et al., 2015)Its propertiesand applications depend on the type of material,
temperature, residence time, heating rate and pyrolysis atmog@iuddan et al., 2022; Li et
al., 2019) So, severafeedstocksan be pyrolyzed, evesS (Figueiredo et al., 2018As a
thermal processing, the pyrolysis 85 can eliminate pathogens, reduce the availability of
contaminants and also reduce the final vol@leagas et al., 2021b; Fathi Dokht et al., 2017;
PazFerreiro et al., 2018)

Furthermorewhen applied to the spgewage sludge bioch&8$B) presentsnultiple
agreenvironmental benefits. SSB can act as a source of nutffearia et al., 2018)mprove
soil physicochemica{Fathi Dokht et al., 2017and biological propertie@rigueiredo et al.,
201%), reduce GHG emissioffbrahim et al., 2017)ncrease crop yielfChagas et al., 2021a)
and sequester C in the sErlou et al., 2019)

4.4.Biochar as a technology for soil C sequestration

The Amazonian Dark Eartlieund in the Brazilian Amazoare one of the prominent
global examples adfinthiopic soil C sequestratioheir formation is intimately linked to the
pyrolysis of materials by indigenous peop{€daser, 2007)Since then, the discussion about
technologies that could analogously increase soil fertility and accumulate C has intensified
(Verheijen et al., 2010)However, it is necessary to keep in mind the difference between
biochar, which is artificially produced and intended fordapplication, and other charcoals
(such as black C from wildfires) and thmeintentional creation of thdmazonian Dark Earths
(Novotny et al., 2015)

In this sense, in contrast to combustion/incineration, pyrolysis ofganideedstock
retains much of the C originally presemthe raw biomas&hang et al., 2015Additionally,
this process is capable of making the organic compounds more aromatithenedore
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recalcitrant(\WWang et al., 2016)Thus, when biochar is applied to the soil there is a direct C
input through organic matter.

Stoichiometrically, the total soil C contedbangeis directly proportional to th€
content added through biochdrhis property is a function of the feedstock, dose applied,
biocharC content and pyrolysis conditioffomczyk et al., 2020; Wei et al., 2019)hus,
biochars obtained from lignocellulosic feedstocks tend to have more C than those with high ash
content.Also, although there is generally a loss of C with increasing pyrolysis temperature, it
becomes more stab(ki et al., 2019) Koyama and Hgashi(2019)evaluated the application
of rice husk biochar pyrolyzed at 3800°C (359 g ki C) at doses of 10, 20 and 40 t him
single and successive applications for two years. They also assessed the application'df 20 t ha
of unpyrolyzed rice huskihe soil TC content increased linearly wikie application dose and
the number of applications, increag from 7.93 to 9.53 g Kg C for each 1 kg ht C applied
via biochar. Furthermore, biochar showed a residual effect compared to rice straw application.

Besides the direct effect mentioned, biochar also indirectly increases the soil C content
by stimulating biomass production by cro@effery et al., 2017; Liu et al., 2013)nother
indirect contribution of biochar to soil C stock is the protection of native SOM by several
mechanismgFatima et al., 2021; Joseph et al., 2021lch as adsorption, physical protection,
aggregates formation and stabilizatiémally, a reductionof GHG emissios may occur due
to the liming effect of biochar, the release okit compounds, the interaction with soil
microbiota, the interaction with dissolved orga@Gjamong otherfCayuela et al., 2014)eta
analysis of 105 studies showed that biochar, as a physical additive in solid seasp®sting,
has an efficiency of ~63% in reducing GHG emissions during compd§tamet al., 2019)

Despite this effect on total soil C, it remains to clarify how biochar contributes to
distinct C pools accumulation in the soil. Biochar affecit G poolsdifferently accordingto
biocharand soil propertieBiocharsproduced at high temperatures generally have a greater
content of highly stable (®omingues et al., 2017pn averaggthis pool immobilizes C in the
soil for 250 to 660 yearAbney and Berhe, 2018Yhus, its longasting and unequivocal
contributioncanraise the soil C saturation limit (ceiling concentration) to levels higher than
those obtained with nepyrolysed biomasgGross et al., 2021Jurthermore, the pyrogenic C
in biochar reacts more slowly swil managementCooper et al., 2020Wwhich hdéps maintain
theaddedsoil C level.

Applying biochars pyrolyzed at low temperatures and derived from feedstocks rich in
volatile materials can contribute mostly to the labile pools of the §&ddeiredo et al., 2019

Li et al., 2020) Thus, this possibility can be analyzed from two points of view: nutrient cycling
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will be stimulated(Anderson et al., 2011and mineralization of the native SOM may occur,
known aghepositive priming effec(Wang et al., 2016)herefore, to avoid deleterious effects
on SOM, it is necessary to know and apply biochars with a C balance (labile and recalcitrant)
appropriate to the need of use.

Given this, it is necessary to carefully evaluate the different C pools ohsudisded
with biochar. It is also essential that this evaluation be done intéongstudiefPoggere et
al., 2022)to validate biochar under certain use conditions as a possible technology for C credit
certification.Longtermstudies have been conductedlistinct climate regions, soil types, and
using contrasting feedstockAs a result, different levels of C sequestration are obtained.
Therefore it is necessary teummarze heir results, seek a general understanding and explore
further issues. Thus, studies with continuous and repeated applicationrecanieed but
assedsg the dynamics of soil C aftareasingthe application of biochafresidual effect)s
necessaryFurthermoreapplying mineral fertilizer, especially N, during the residual effect
period is another aspect that can alter the mineralization rate of the appienc@ssessment
is required

It is important to highlight thain general producing and applying biochar is an
attempt to locally reproduce the effects/properties oAth@zonian Dark Earths a relatively
short period of time. However, the results of field studies with biochar are limited to a little
over a decade and have not yet reached the time scale that would allow them to be compared to

Amazonian Dark Earthsegarding soil C sequestration.

4.5. Methods for soil organic matter fractionation

Soilis inherently a complex and dynamic sys{@nrner, 2021)and its organic matter
is no different in thisegard.The complexity of SOM is reflected in the diversity of fractionation
methods developed amdirrentlyused.Such methods are based on themical composition
stability, and locatiorof the SOM, and many of them are designed to isolate funcimuds
that vary in stability for use in modeling SOM dynamiesn Litzow et al., 2007 However,
these approaches are challenging, especialtisturbed systems such as agricultlaaids
and may not reflect exactly whats designed in the conceptual mad@eiddigan et al., 2019)

This review intends to give a general overview of sonavailable fractionation
methods for SOM studieb general, SOM fractionation proceduses divided into chemical
and physicaimethods.The physicalfractionationmethodsare based on the premise that the

spatial distribution andhteraction betweesoil particles control the dynamics of SOWVhey
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usually compriséractionation by particle size or densfghristensen, 2001; von Lutzow et al.,
2007)

In natural environments, most SOM is typically associated with mineral soil particles
(Sokol et al., 2022)allowing reliable results through physical fractionation. However, biochar
in soils can lead to significant amounts of C being either free or present within unstable
aggregates, resulting in incorrect allocation to short turnover time pools. Indepigidenals
by Paetsch et af2017)and Grunwald et a(2017)showedthat, after one year, 52% and 80%
of the applied biochar werfeundin the free particulate organic matter fraction and free light
fraction, respectivelyThis suggests that the stability of C in these fractions is hitdjagrin
soils without biochar, and they serve different ecological functidherefore, caution is
necessary when interpreting physical fractionation results in bi@rhanded soilsAdding
biochar to soil generally increases the proportion of partic@laéative tothetotal C content.

With its slow decomposition rate compared to other organic resibisefiaraccumulates as
larger solid particlesncreasinghe particulateC fraction

Chemical fractionation metho@sebased on solubilityjydrolysability, andresistance
to oxidation or destruction of the minerathase(von Litzow et al., 2007)They usually to
estimate the C in the SOM poaheludingactive, slonandpassive Such methods focus on the
chemical stability of SOM, butsuallydo not consider its availability to decomposers.

The SOM active pool, also callethelabile pool, has &urnover time bdays to a few
years. This poatomprisesnaterials of recent origin, usually high in nutrients and energy value,
root exudates, and microorganis(igander, 2004)lt is often procedurally represented by the
fractions KMnQ-oxidizable C (POXC), microbial biomassC (MBC), dissolved organi€
(DOC), hot water soluble Ggmong othergrulvic acidis considered the most labiiaction of
humic substances due to the prevalence of smgalepoundgSherrod et al., 2019Yhese
fractions are used as indicators of managesmehtced changes in SO& wdl assoil quality
indicators (Bongiorno et al., 2019)Moreover, despite being the most dynamitis pool
slightly contributes in percentage to soil C sequestration.

The SOM slowor intermediatepool hasa few years to decaddsrnover time.lt
comprises partially decomposed residues, microbiaprbgucts of the active pool and
humifiedmaterialsThis poolis essentiafor soil C sequestration but is also strongly influenced
by management practiceshe fractions related to this pool are generally associated with
physical protection of the SOWander, 2004)sochemical fractionation may not be the best
approach to assess this pd&me authors state HA aadsilyoxidizable organic @s fractions

that comprise this pool.
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The WalkleyBlack method was developed to quanshjil organic C (SOC{Nelson
and Sommers, 199&jowever, the main known limitation of this acid digestion witCkO;
is its inefficiency in oxidizing recalcitrant forms of C, such as pyrogenic C (blagB&)bi
and Nisar, 2020)Thus, it is necessary tsea correction factoto estimate the SOTherefore,
theeasly oxidizable organic C is determinedhen the factor is not applie@heoretically only
the slow pool is accounted fafr the labile fraction is deductefdom the eady oxidizable
organic C

Sherrodet al.(2019)assessed the relationship between humic substance fractions and
other SOM pools in contrasting US soil$hey found amoderatecorrelation (r=0.4985)
between HA and the slow pool (considered as the particulate organic @ &tben physical
fractionatior). Hence, it cannot betatistically concluded whether the HA fraction properly
represents the slow pool.

Conceptually, the methods for determining the-tadmle pool @lso calledpassive,
recalcitrant, inert or stable pool) include fractions whose-IHalfranges from decades to
centuries due to strong biochemical stability or restriatedlability (Wander, 2004)ncluding
pyrogenic C (black C, charcoal) and hurfrexctions

Several methods can be used to determine pyrogenic C, including oxidation with
hydrogen peroxide (¥D2) (Jackson, 1958)which removes SOM accessible to exoenzymes,
and the quantification of benzene polycarboxylic acids (BPQBlaser et al., 1998)
degradation products of polyaromatic compou@tsmparing several methods, Helfrich et al.
(2007) concluded that the method with® was among the most efficient for extracting
stabilized SOMGerke(2019)recentlystatecthat methods of determining pyrogenic@h as
BPCA overestimate their soil contents by accounting fao@prisinghumic substances.

Fractiorationof SOM into humic substancessults infractions that are independent
of each other in terms of solubility in acidic and alkaline media. In summary, the organic matter
is operationallyfractionated into: fulvic acid (FA), soluble in alkaline and acidedi; humic
acid (HA), soluble in alkaline and insoluble in acichedig humin, insoluble in alkalinmedia
(Stevenson, 1994 Gray and brown humic acids can also be determirggmkrading on the
fractionation procedure usetihere are many disissions about the ecological function of FA
and HA (Gerke, 2018)However, regarding humin, scientific knowledge tends to converge
toward a consensus. Humin is a more stable SOM fraaimhsomeof the C in biochar is
guantified in this fraction due to its intrinsic insolubil(tfayes et al., 2017Hencegvaluaing

the humin fraction as a C resemp@l in biocharamendedoilsmay be interesting
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As with physical methods no established set of chemical fractionation methods
accuratelyrepresent the SOM pools in terms of their stability and ecological fundtiars,
combined methods can be used alternatividigwever, the fractionsisually overlapeven
among chemical extractioiiSherrod et al., 2019Therefore, this strategy is also not effective
in representing the SOM pool&nother common approach is to combine prior physical
fractionationwith chemical method@on Litzow et al., 2007As density oparticle sizebased
methods are not the most suitable for biograended soils, this strategydballengingto
implement in such cases.

Methods for soil organic matter fractionation encompass various chemical and
physical techniques, each focusing on different aspects of SOM. HoweiGrucial to
consider additional analytical approachesunderstand the continuum of SOM components
comprehensivelyThermogravimetric analysis (TGA) is a widely employed technique to study
the thermabehavior of various materials, including bioclRatel et al., 2019)TGA measures
the mass change of a sample as it is heated under controlled conditions, providing insights into
its composition and thermal properties. In the context of soils amende®8BhTGA has
been utilized to investigate the pyrolysis behavior, stability, and decomposition kinetics of
biochar, as well as its influence on soil characteristics. By assessing the thermal stability of
SOM, TGA serves as a complementary method to da@mphysical, and biological
fractionation techniques, enabling a comprehensive understanding of the continuum of SOM
componentgPlante et al., 2009Previous research has utilized differential thermogravimetry
(dTG) and differential thermal analysis (DTA) techniques to analyze sandy loam soil amended
with SSB(Gasco et al., 2012YGA offers several advantages, including simplicity, rapidity,
minimal sample size, and limited sample preparation requiren{Btaste et al., 2009)
However, one of the linmtions of this method is that is strongly influenced by soll
managemen({Tokarski et al., 2020Notably, in soils with biochar, TGA thermograms exhibit
distinct peaks at high temperaturassociated with recalcitrant organic matter, such as
polycyclic aromatic hydrocarbons.

Finally, when evaluating SOM fractions, it is desirable to have soil TC data available.
This allows the C extracted in the other fractions to be validated and relativized. Thenefore
biochar amendesbils the fractionation methoehust becarefully chose (Cooper et al., 2020)
Moreover, since there is no consensus in the literature, the aim here is not to choose which set
of fractions best characterizes the SOM pools and their dynamics, but to try to relate the results

of established methods.
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4.6. Distinguishing black carbon from biocharin Cerrado soils: challenges and analytical
techniques

In the vast Cerrado biome, black C derived from natural vegetation fires plays a crucial
role in soil dynamics and ecosystem functioning. Covering approximately 2 million kmz?, the
Cerrado is characterized by a mosaic of vegetation types, including fodssgarublands, and
grassland (IBGE, 2019) It represents the most extensive tropical savannah region in the
Neotropics, harboring rich diversity oplant and animal speci¢€olli et al., 2020)

Frequent wildfires in the Cerrado, driven by seasonal climate and vegetation dynamics
(Durigan, 2020)lead tothe incomplete combustion of native vegetation and the formation of
black C. Comprising charred plant residues, black C is intricately linked to the fire regime and
ecological dynamics of the Cerraflte Oliveira et al., 2022Native blackC serves as a loRg
term storage form of in the soil due to its resistance to microbial degradation, enhancing its
ability to sequeste€ and mitigateGHG emissions (Bird et al., 2015; Preston and Schmidt,
2006).

In contrast to native black C, biochar is a carbich material intentionally produced
through the pyrolysis of organic feedstocks and added to soils as an amendment. In recent years,
there has been growing interest in applying biochar in agricultutaisgof the Cerrado region
(Faria et al., 2018; Madari et al., 2017; Silva et al., 20Lf&g importance of distinguishing
between natural black C and biochar lies in their different roles in the environment. While both
contribute to C sequestration, biochar is often intentionally added to soils to improve fertility
and enhance C stora{fehagas et al., 2021a; Wang et al., 2028) the other hand, black C is
a byproduct of natural and anthropogenic fires and can have varying impacts on soil properties
and processes.

Several methodologies have been developed to differentiate between natural black C
and biochar in soils. These include the use of molecular markers (Kaal et al., 2012), isotopic
signatures (Singh et al., 2012), nndtemental analysis (Freddo et al., 2Q)1&hd advanced
spectroscopic techniques (De la Rosa et al., 2008)

Molecular markers such as levoglucosan and Bip@Aide insight into pyrogenic C
sourcesLevoglucosan is a specific molecular marker thatheathegradd over time(Kaal et
al., 2012) While BPCA patterns indicate black C sources, overlap with other soil organic matter
fractions complicates definitive attributig@laser et al., 1998¥siven their variable alteration
and nonunique formation, molecular markers alone cannot unambiguously identify black C

sources in soils.
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Isotopicanalysis of radiocarbof®C) and st a blfCecarthelp dstnguisip e s (
some biochar from black C. However, overlapping radiocarbon contents make biochar and
black carbon from recent wildfires difficult to distinguish. Although stable isotope signatures
reflect sources such as C3 vs. C4 plants, feeklstartability, pyrolysis effects, decomposition,
aging, and selective preservation can obscure original signatdsesugh et al., 2010;
Hammes et al., 2007 hus, isotopes alone may not definitivedlentify black C origins in
soils.

Advanced spectroscopic techniques, such as nuclear magnetic resonance (NMR) and
Fourier transform infrared spectroscopy (FTIR), can provide detailed information on the
chemical structure of pyrogenic C. However, these techniques have limitegandinglack
of specificity, interpretation complexity, and the requirement for specialized equipment and
expertisgDe la Rosa et al., 2008; Singh et al., 2016)

Current methods for quantifying and characterizing pyrogénit soils, such as the
BPCA method (Glaser et al., 1998), thermochemical analysis, and spectroscopic techniques, do
not specifically differentiate between black C and biochar. Moreover, these methods can be
influenced by other soil constituents, leadingptdential over or underestimation of black C
or biochar content (Gerke, 2019; Hammes et al., 2007).

The challenges in distinguishing between natural black C and biochar arise from their
similar formation processes and resulting properties. Both forms are characterized by a highly
condensed aromatic structure, making them resistant to decompositioraahdgelongterm
C storage (Kopecky et al., 2021; Zhang et al., 2015). Furthermore, they can share physical
properties such as color and particle size, complicating differentiation (Singh et al., 2012).

A multi-technique approach combining microscopy, spectroscopy, and isotopic
methods appears promising for robust discrimination between biochar and native black C in
Cerrado soils(Schmidt et al., 2001)As biochar use increases in the biome, accurately

distinguishing these black C forms will beucialfor understanding their impacts.

477AThink globally, act | ocallyo

Globalization has reaffirmed the perception of an interconnected and borderless
environment, hence wubiquitous. I n 1915, Pat
act |l ocallyo in t h¢Geddesnldldlxdamphadizesuhe impontangelofa n n i
considering the global context even in small local actions, as their combined impact can be

significant.
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This approach requires the development of local climate agendas that align with the
specificities of each region and contribute to the achievement of the Sustainable Development
Goals outlined in the 2030 Agen{Moallemi et al., 2019)Achieving this requires innovative
governance based on the scrutiny of consolidated scientific evidence.

Metaanalysis, a powerful tool, enables the synthesis of extensive global research.
Metaanalysis informs local decisiemakersby identifying broader patterns and relationships,
revealing hidden effects and applying rigorous methodold&kslby and Vaske, 20Q8jor
example, metanalysis can evaluate the modulators of C sequestration in soil due to biochar
amendmen(Fagard et al., 1996providing valuable insights for climate crisis mitigation and
contributing to global goals such as the 4p1000 knrgaand the Paris Agreemefitehmann

et al., 2021)
Integrathgg | o b al research into | ocal strat ec
gl obally, act | ocal l yo. It har moni zes scie

environmental challenges such as climate change. Implementing evimbesextlocal solutits
is critical to achieving international sustainability goals and fostering the widespread adoption
of low-carbon practices.

Local decisioamakers can use the outcomes of rastalyses to tailor biochar
implementation, considering optimal feedstocks, pyrolysis conditions, soil types, and more,
significantly impacting global climate and development goals. Furthermore, colléxtaie
actions wield substantial global influence, playing a pivotal role in achieving climate and
development goals. Knowledge exchange between local and global scales further enhances
understanding, as local monitoring data can continuously updateaned¢yaes and models.

In summary, integrating global research through raetlysis empowers localized
strategies, bridging local knowledge with global sustainability aspirations. This dynamic fusion
enables effective responses to environmental challenges and facilitateantigotr to a

sustainable future.
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5. BIOCHAR INCREASES SOIL CARBON POOLS: EVIDENCE FROM A GLOBAL
META -ANALYSIS 2

Abstract

Biochar is a carbonich material that increases soil C sequestration and mitigates climate
change. However, due to the variability of experimental conditions, types of biochar and sail,
the influence of biochar on the accumulation of different soil cafta@tions remains unclear.
Therefore, a metanalysis was performed that included 586 paired comparisons obtained from
169 studies conducted in various countries around the globe. The data set average showed
significant relative increases of 64.3, 84.8,12 22.9 and 42.1% for total @C), organic C,
microbial biomass C, labile C and fulvic acid, respectively. The dissolved organic C, humic
acid and humin fractions showed no significant variations. The relative increase in TC was
favored by increasing biochar rates applied to-fea@ured soils with low C content in
temperate climate regions seen through stewrh experiments conducted under controlled
conditions. This behavior was different for each soil C fraction. Therefore, variations between
expermental conditions, types of biochar and soil show that it is necessary to consider multiple
factors when choosing the conditions of biochar use to maximize C sequestration in the soil
and/or the increase of labile C fractions in the soll.

Keywords pyrolysis, carbon sequestration, organic carbon, microbial biomass carbon, labile
carbon, humic substances

Resumo

O biochar € um material rico em carboft®) que aumenta o sequestro@eao solo e mitiga a
mudanca climatica. Entretanto, devido a variabilidddeondicdes experimentais, tipos de
biochar ede solo, a influéncia do biochar no acimulo de diferentes fraco&3 i solo
permanecencerta Para tal foi realizada uma mefanalise que incluiu 586 comparacdes
pareadas obtidas partir del69 estudogonduzidosem varios paises ao redor do mundo. A
média do conjunto de dados mostrou aumentos relativos significativos de 64,3, 84,3, 20,1, 22,9
e 42,1% para o C tot&CT), C organicoC dabiomassa microbiana, C lapbt e acido fulvico,
respectivamente. As fracdes de C organico dissolvido, acido huriomieando mostraram
variagOes significativas. O aumento relativo CT foi favorecidopor doses crescentes de
biocharaplicadas a solos de textura fina com baixo teor de C em regides de clima temperado,
por meio deexperimentos de curto prazwonduzidossob condi¢cdes controladas. Este
comportamento foi diferente para cada fra#@@ do solo. Portanto, variagdes entre condigoes
expeimentais, tipos de biochar e solo mostram que € necessario considerar multiplos fatores
ao escolher as condi¢des de uso do biochar para maximizar o sequestro de C no solo e/ou o
aumento dfracbedabeisde C no solo.

Palavraschave: pirolise, sequestro de carbono, carbono organico, carbono da biomassa
microbiana, carbono labil, substéncias humicas
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5.1.Introduction

Soil is the seconthrgest carbon (C) reservoir on the planet, accounting for
approximately 2500 Gt C (Lal, 2010). Therefore, small changes in soil C stocks can
considerably impact the concentration of this element in the atmosphere and influence ongoing
cd i mate change (Smith, 2012) . I n this sense
2015 during COP 21 (UNFCCC, 2021) reported that the annual increase of 0.4% in soil C stock
can offset the annual increase in greenhouse gas emissions and tmiriftnod security.
Furthermore, there is a consensus that numerous technologies and management practices car
be applied in agroecosystems to achieve this goal (Paustian et al., 2016, 2019; Stockmann et
al., 2013; Zomer et al., 2017).

Pyrolysis is an ancient technique of thermochemical conversion of biomass under
limited oxygenation (Laird et al., 2009). Using this process a stabilized solid product rich in C
is obtained, which, when applied to soil, has the potential to offer seeseits to agriculture
and the environment (Wang et al., 262@hosh and Maiti, 2020), especially for the
sequestration of C. Furthermore, because of its high concentration of stableB@®480),
biochar is considered the leading soil amendment to sapidiease soil C sequestration and
thereby help mitigate global climate change (Ventura et al., 2019). The adoption of biochar
technology can sequester 1.8 Gt of G®?* (Woolf et al., 2010). The quantity and quality of
C in the biochar are influenced by the raw material and the pyrolysis conditions, among other
factors (Tomczyk et al., 2020; Wei et al., 2019). When biochar fromiadustrial and urban
residues is apm@d to the soil, it becomes more stable/recalcitrant because the pyrogenic C
compounddrom biochar are retained in the soil for a much longer period than would occur
with the direct disposal of these npyirolyzed residues in the soil or landfills (Kuzyakov et al.,
2014; Wang et al., 2016). Biochar, prepared frGaiotropis procera applied at 60 t H&
increased the Gtock of an 8year old reclaimed mine spoil by 45% and increased the
recalcitrant C by 67% (Ghosh and Maiti, 2021). Similarly, the organic carbon content was
increased 2.9 times when Lantana biochar was used as an amendment for theoihine sp
reclamation (Ghosh et al., 2020). The pyrogenic C of biochar influences the quality of soil
organic matter (SOM) and can make it less subject to losses resulting from inadequate
management practices (Cooper et al., 2020).

SOM pools present different turnover dynamics. For example, labile SOM fractions
have the most rapid turnover rates, whereas the inert and the humic SOM fractions are more

resistant to microbial decomposition (Yang et al., 2009). Thus, biochar applitatioe soil
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has direct and indirect effects on different SOM pools, altering several biochar functions such
as C sequestration, nutrient supply and heavy metal retention. Biochars pyrolyzed at low
temperatures are rich in nutrients and hold a large quantity of eotatthpounds, which can
increase the labile fractions of SOM and alter the soil microbiota and nutrient cycling
(Figueiredo et al., 2019; Liu et al.,, 2016). On the other hand, biochars pyrolyzed at high
temperatures may favor stable SOM fraction (e.g.,kbtarbon) (Amoakwah et al., 2020;
Figueiredo et al., 2019; Wang et al., 2016). Matalyses have shown that biochars can
increase crop development and productivity (Jeffery et al., 2017; Liu et al., 2013), and greater
input of C into the soil via crop relies can be obtained as a result of higher yields.

Fractionation of the SOM is essential to understand the dynamics of C in the soil due
to its heterogeneous and complex chemical composition (Chan et al., 2002). The SOM can be
divided into several fractions that are generally grouped according to thgipsiion, degree
of chemical stability and location in the soil structure (Duddigan et al., 2019; von Liitzow et al.,
2007). Therefore, the choice of SOM fractionation method is crucial when biochars were
applied, as these materials have predominantlyaié@ait C compounds (Cooper et al., 2020).

In the last two decades there has been a growing number of studies showing the effect
of biochar application on soil C fractions. However, due to multiple experimental conditions,
types of biochar and soils, the results vary considerably. It is necessdugidate which are
the determining factors in the dynamics of C fractions in the soil.-sieddysis is a valuable
tool to synthesize these results. Quantifying changes in soil C fractions due to the application
of biochar can contribute to guiding theoduction and application of biochar to achieve pre
established goals. Additionally, such information can encourage disseminating this technology
for agronomic and environmental purposes. Some previous-anatgses evaluated the
changes promoted by bicashamendment on some SOM fractions (Bai et al., 2019; Liu et al.,
2016; Zhou et al., 2017). However, these studies left some knowledge gaps that are worth
addressing. In these studies, the C determination method was not clearly stated, and it is not
possilbe to distinguish between total C and organic C, for example. Furthermore, at most, two
C pools were evaluated, which limits the use of these results in modelling soil C quality and
sequestration. This metmalysis study will clarify the effect of biochiaom a wide variety of
feedstock and pyrolysis conditions on different pools of soil C across the globe. Furthermore,
it will be possible to point out the biochar potential to mitigate greenhouse gas emissions. The
objective of this study was to quantitye potential of biochar to alter soil C fractions under a

wide variety of biochar, soil and experimental conditions through a globalanatgsis.
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5.2.Methods
5.2.1.Data source

The Web of Science database (main collection) was searched for articles published
prior to February 10, 2021 in peeviewed journals. The following terms were searched for in
the title, abstract and keyword f i erbadic : bi
matter o) NEAR/ 4 (sequest*™* OR stor* OR sto
bi osolid*) AND biochar AND (carbon OR fAorga
were selected for data extraction and inclusion in the -aredysis because themet the
following criteria: i) randomized experimental design; ii) explicit number of repetitions; iii)
presence of treatments with and without biochar (control) under the same experimental
conditions; and iv) evaluation of at least one soil C fractibwse method of determination

was clearly presented.
5.2.2.Data collection

The results collected from the articles included the mean, standard deviation (SD) and
the number of repetitions (r) for the following soil C fractions: total C (TC), determined in an
elemental analyzer or by combustion; organic C (OC), estimated by idatior with K:Cr.O;

(e.g., WalkleyBlack and Tyurin methods); labile C (LC), determined by oxidation with
KMnOyg; dissolved organic C (DOC), extracted in water, KCIl @6®; microbial biomass C
(MBC), fumigated or irradiated samples and extracted wihO or by the substratmduced
respiration method; and humic substances (fulvic a€ié, humic acid- HA - and humin),
extracted according to their solubility in acidic and alkaline media. The Plot Digitizer 2.6.9
software (https://sourceforge.net/projéplstdigitizer) was used for data extraction when the
results were presented only in figures. In total, 586 paired comparisons (with and without
biochar) were obtained for the different SOM fractions evaluated.

When available, the standard error (SE) was converted to SD using the eguétion
3 %O If the SD or SE was not informed, the SD was calculated from the coefficient of variation
of known data (Bai et al., 2019). When multiple soil layers were evaluated:2be layer
was preferred, and the weighted average was calculated if it wasidelddilf multiple
assessments were performed over time, only the last one was included.

In addition to the C fractions, the following information was extracted from the article:

i) location (latitude and longitude), ii) soil (pH, texture and total C content), iii) biochar (raw
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material, pyrolysis temperature, total C content and applied rate), and iv) experimental
conditions (type of experiment and duration). The climate zone of the study site was defined
based on the KbppeBeiger climate classification (Beck et al., 2018). blozhar rate applied

to the soil was converted from t'R@o percentage using density and depth of the soil layer.
When soil density was not indicated, it was considered to be I3 gTdre average was used in
cases where the pyrolysis temperature wlwnmed as a range of values. To standardize the
information, the soil texture was defined based on the sand, silt anftadtigns using the

USDA soil classification system.
5.2.3.Data categorization

According to the raw material, the biochars were grouped into: animal manure (from
poultry, cattle, pigs and chicken litter), crop residues (lignocellulosic plant waste, such as straw,
bark, stalks, cobs, bagasse), greenwaste (grasses, leaves, fre3hgadamatge sludge, wood
(wood and bamboo) and mixtures (including other raw materials and combinations of multiple
raw materials). Regarding the pyrolysis tem
°C), medium (3506 00 AC) and hiforlhe hicOtBI0® cordeBt) these Avsre
categorized intoi@ch®w eaendr®ump%.: TOBs % i BShar
were subdivided into: low (01%), medium (>
(>5%). Three groups of soil texture weadefined: coarse (loamy sand, sand and sandy loam),
medium (loam, sandy clay loam, silt and silt loam) and fine (clay, clay loam, sandy clay, silty

clay and silty clay loam). Soils were categorized into acidic (pH < 6.5), neutra¥ (6)&nd

alkaine(H > 7.5). The C content in the soil w a
O2%) and high (>2%). Regarding the duratior
mont hs, >3 months and O1 year, >1 and O 2 vy

5.2.4.Meta-analysis

The response ratio (RR) was calculated as thérbotgsformed ratio of means for each

paired comparison (Hedges et al., 1999), according to eqia}ion

22‘|T84 1
5 )
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where X and X are means of the biochar treatment and the control, respectively. Values of
RR=0, >0 and <0 indicate that the biochar application did not alter, increase or decrease the soil
C content, respectively.

From the RRs, a randoeeffects metaanalysis balanced by the inverse of variance was
conducted (Viechtbauer, 2010). Thus, the mean effect size) (R& obtained for each C
fraction and the different subgroups. Outliers were identified for each C fraction through the
leaveoneout method using the DFFITiBdicator. This indicator iteratively quantifies in units
of standard deviation how much the model estimate is changed after excludixig geered
comparison. Therefore, 10, 4, 4, 1, 2 and 1 paired comparisons were removed for the TC, OC,
DOC, MBC,LCand humin fractions, r &spteeanodewad vy .
estimated by the method of Sidik and Jonkman (2005).

The 95% confidence interval (Cl) was calculated to determine the statistical
significance of RR Thus, the effect of applying biochar to the soil was significant when the
Cl did not include zero. The CI was corrected according to the method of Knapp and Hartung
(2003). Additionally, to facilitate understanding theR/alues were converted into percentage

change (Pc) using equati¢2).
& A p pum @)

For the fractions in which a robust dataset (TC, OC, MBC and DOC) was obtained,
subgroup analysis was performed. Within a group (for example, raw material), the subgroups
were subjected to multiple comparisons using Tukey contrasts, anevéheepcorredbn was
performed according to Holm (1979).

The relative influence of predictor variables on the percent change of C fractions was
determined through Aboosted regression tree
To find the best hyperparameters, 500 combinations were tested: leatemgfr0.05, 0.1, 0.2,

0.3 and 0.4; tree complexities of 1, 2, 3, 5 and 7; minimum observations in terminal node tree
of 2, 3, 5, 7, and 10; and bag fractions of 0.5, 0.65, 0.8 and 0.9. The combination of
hyperparameters with the smallest root mean saresefor each C fraction is shownTiable

1. Normal distribution was used to adjust the model. All statistical analyses were performed
using the R software version 4.0.2 (R Core Team, 2020).
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Tablel. Optimal hyperparameters used in the construction of decision trees for C fractions

Hyperparameter TC OoC MBC
Learning rate 0.4 0.4 0.3
Tree complexity 3 3 2
Minimum observations in node 5 2 2
Bag fraction 0.8 0.8 0.9

5.3.Results and Discussion
5.3.1.Descriptive analysis of the results

The 169 articles included in this global matsalysis contain results from 184 distinct
study sites. Approximately 43% of the studies were carried out in China, 10% in the European
Union, 9% in the United States, 9% in Australia and 29% in other couatoesd the world
(Figurel). The studies are concentrated in regions with a subtropical or temperate climate, with
little participation of intertropical regions. Only 11% of the results were obtained in tropical
climate regions, specifically in Latin America and Africa, where tlageehigh rates of soil C

emissions from agricultural activities (Lal, 2006; Palmer et al., 2019).

Legend

©  Study site
—— Equator
— — Tropic

B Study sites/country: T T T
[ :

—J1-3
|l -6
. 717 = _
. I3-79 =

.

== e L3

Figurel. Location of the studies included in the matealysis. Each study site can represent
more than one paired comparison

In the selected studies, the biochar pyrolysis temperature ranged from 200 to 1200 °C,
rates of up to 50% biochar were applied in soils with C content ranging from 0.04 to 17.19%

and the maximum study duration was 10 years. In general, the set of pamearisons (586)
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satisfactorily covered the different types of soils, biochars and experimental conditions. Despite
this, there is a predominance of results for biochars from crop residues (51%) pyrolyzed
between 350 and 600 °C (67%) and applied at rates lower than 1%t@laétdic soils (59%),

with total C content less than 1% (41%), in trials lasting between 3 months and one year (37%),

conducted in temperate regions (45%).
5.3.2.General effect of biochar on the soil C fractions

The application of biochar significantly increased the contents of TC (64.3%), OC
(84.3%), MBC (20.1%), LC (22.9%) and FA (42.1%) of the soil for the set of experimental
conditions, types of biochar and soil propertieg(re2). Other metaanalyses, evaluating up
to 56 articles, found overall increases of 39% (Bai et al., 2019) and 52% (Liu et al., 2016) in
organic C for soils with biochar. In these studies, it was not possible to identify which analytical
methods were used fthre determination of organic C in the soil. Additionally, different names
for organic C were used in these previous studies, which makes comparisons between results
difficult, especially in soils with biochar. Despite the difficulty compared with othaewss,
the C increments promoted by biochar in the present study, both for TC and OC, were greater
than those observed in previous studies (Bai et al., 2019; Liu et al., 2016). This result
demonstrates an improvement in the effect size previously vesirest 154 studies that
evaluated TC or OC were included in the present study, approximately 175% higher than the
56 studies previously evaluated.

. . . | . . ke [-CI;+CL,]  (N/m)
TC —— 643" [573;71.6]  (368/103)
oC ——— 843 [68.4:101.6]  (166/54)

DOC —— 7.70 [0.0;16.1]  (131/44)
MBC —— 200 [12.9;27.7]  (151/53)
LC — 22.9" [8.1:39.7]  (34/16)
FA < 4.1 [9.8;83.8]  (14/6)
HA ———— 16.4" [-0.6;36.4]  (16/7)
Humin & 23.4m [-1.7;54.7]  (10/5)

0 20 40 60 80 100 120
Percent change (%)

Figure 2. Percent change (Pc) of total C (TC), organic C (OC), dissolved organic C (DOC),
microbial biomass C (MBC), labile C (LC), fulvic acid (FA), humic acid (HA) and humin in
the soil under biochar application. CI95: 95% confidence interval; N: numbeaicéd
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comparisons; n: number of studies. Pc significant at 5% (*), 1% (**) and 0.1% (***) or not
significant (ns)

The C fractions most responsive to biochar were OC and TC. The increase in TC is
due to the contribution of C stabilized by the thermochemical conversion of raw materials via
pyrolysis (Wei et al., 2019). In addition to increasing C, biochar also comsiboiincreasing
the soil nutrient content (Ding et al., 2016; Hossain et al., 2020). Besides the direct increase in
pyrogenic C, by increasing crop productivity biochar indirectly contributes to the increase of
SOM fractions via cycling of crop residues wia rhizodeposition, and stimulates the
development of the living SOM fraction, normally expressed by MBC (Ali et al., 2020; Wu et
al., 2021). The abundance of biochar pores serves as a shelter for soil microorganisms, which
can favor the growth of micheal biomass (Quilliam et al., 2013). A recent matelysis
showed that the portion of recalcitrant C in biochar represents 97% of TC and that its average
residence time in the soil is 556 years (Wang et al., 2016). These findings support the potential
of biochar to increase soil organic C by 6x more than other alternatives for increasing soil C,
such as the use of cover crops and the adoption of conservation tillage systems (Bai et al., 2019).
Given these results, the role of biochar in accumulatingt@eirsoil is reaffirmed, and thus its
potential to mitigate climate change.

In addition to the potential to accumulate TC in soil, the present study confirms that
biochar also increases labile forms of soil C, notably OC, MBC andHiglre 2). The C
present in these labile fractions of SOM responds quickly to environmental and management
changes. Therefore, it plays a fundamental role in cycling this element (Zhang et al., 2020).
However, only 3% of biochar TC is present in labile forms, \@ithaverage decomposition
time of 108 days (Wang et al., 2016). Thus, the decomposition of labile forms should not pose
a problem in these soils compared to the amount of recalcitrant C that may be added via biochar.

On the contrary, when applied to cultivated soils biochar promotes an increase in labile
C forms that have the potential to improve the chemical, physical and biological properties of
the soil, even promoting the release of nutrients (Zhang et al., 202@)dition, methods that
employ KMnQ; only account for labile C forms used by heterotrophic soil microorganisms as
a source of energy (Stott, 2019). Therefore, increases in LC are positively correlated with
increases in MBC (Nunes et al., 2020), excepientimiting conditions to soil microorganisms.

The stimulation of LC for soil microbiota growth can contribute to the humification of crop
residues, and therefore increase in the soil C stock. Biochar is also capable of favoring the
assimilation of C devied from crop residues through changes in composition of the soll

microbial community (Liao et al., 2019). The leading site of microbial biomass increase is at
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the interface between the soil and biochar
At this interface, the efficiency of C use is greater than in soils without biochar or with the
application of residues, which also favors the accumulati@h(aiu et al., 2020). Finally, the
microbiota increases soil aggregation (Cooper et al., 2020) and can contribute to preserving
native organic matter and even reducing erosion losses.

Althoughpositive, changes in the DOC, HA and humin fractions were not significant
(7.7, 16.4 and 23.4%, respectivel\gidure 2). The group of humic substances includes
compounds that are relatively stable in soil. Thus, it was expected that the application of biochar
would increase the content of C in these pools, especially humin, a fraction of humic substances
considered moregable (Hayes et al., 2017). However, the increase was significant only for FA,
42.1% Figure 2), which is associated with the higher content of nutrients in the soil and
consequent stimulus of soil microbiota development, which is essential for humification of
plant remains (Leal et al., 2019). Among the other humic substance fractions, FA has grea
functionalization K| u | 8§ R048) &nd, therefore, can contribute to nutrient retention and
contaminant immobilization (Gerke, 2018), in addition to its hormonal effect on plant growth
(Shah et al., 2018). The reasons for no change in the DOC will be discussed ins8diion

Because few studies evaluated humic substances and soil LC, subgroup analyses were
not performed for these fractions. These analyses were expected to confirm the influence of
different raw materials and pyrolysis temperatures on the C content in thésa&rddowever,
subgroup analyses that included few studies may indicate unrealistic relationships (Higgins and
Thompson, 2004). Therefore, further studies are needed to confirm thamagtsis results for

these soil C fractions.
5.3.3.Driving factors of the total C content (TC) in soils with biochar

Overall, the factor that most affected soil TC was the biochar Fagerg4a). The
higher the biochar rate, the higher the soil TC, and on average, the application of biochar to the
soil increased the TC by 64.3%igure3). All analyzed factors resulted in significant positive
percent changes to TC. As discussed previously, this stems from applying a recalcitrant C

source.

57



Animal manure
Crop residue
Greenwaste
Mix

Sewage sludge
Wood

Low
Medium
High

<35%
35-65%
= 65%

Low
Medium
High
Very high

Fine
Medium
Coarse

Acidic
Neutral
Alkaline

Low
Medium
High

Arid

Cold
Temperate
Tropical

Field trial
Pot trial
Soil incubation

<3 mos.
3 mos. - 1 yr.
1 -2 yrs.
> 2 yrs.

Overall

T T | T T T T T

—@®— a Raw material
+—@— a
—@®—a
@- a
—o— 4
—@—
i Pyrolysis
a temperature
a
—+@— a
| Biochar C content
—e— 2
@+ a
J—.—I a
d i Biochar rate
+ c
| —@— b
I —®— 2
: a Soil texture
—@— b
—@— b
Soil pH
+ a
—®— a
+—@— a
: . Soil C content
—@— ab
—0— b
e | b Climate zone
—&— |b
| —@— a
—@—+— b
. : Experiment type
| —@—a
—e— 4
I Experiment
® ab duration
—®— a
—@— | b
—@—+ b
|

20 40 60 80

Percent change (%)

100 120 140 160 180

Pc

58.5™
73.3™
42.6"
58.3™
47.3™
64.1"

553"
62.8""
71.7

62.1"
56.5"
75.5™

28.9""
63.5""
91.5™
140.0*

81.3™
61.9"
53.4™

66.3""*
56.6™"
77.3"™

85.0"™
65.3""
50.3™

55.2™
44.5™
85.5™
462"

36.2"
84.7°
81.5™

76.3™
77.7"
441
53.4™

64.3""

['Clus; +Clusl

[33.4; 88.3]
[63.2; 84.1]
[23.8; 64.4]
[24.8; 100.9]
[28.2; 69.3]
[49.1; 80.6]

[38.2; 74.7]
[54.2; 72.0]
[54.3;91.2]

[45.8; 80.4]
[47.1; 66.4]
[62.2; 89.8]

[21.0; 37.2]

[52.3; 75.6]

[75.6; 108.9]
[115.5; 167.3]

[66.1; 97.9]
[49.6; 75.1]
[40.2; 67.8]

[56.7; 76.5]
[42.5; 72.1]
[61.3;94.9]

[71.3;99.9]
[53.3; 78.4]
[39.0; 62.4]

[38.9; 73.5]
[34.2; 55.6]
[74.5;97.2]
[24.8; 71.3]

[27.7; 45.3]
[71.1;99.3]
[69.1; 94.9]

[59.1; 95.4]
[66.0; 90.3]
[29.2; 60.7]
[41.2; 66.5]

[57.3; 71.6]

(N/n)

(23/7)
(188/51)
(34/12)
(12/4)
(35/12)
(76/32)

(49/14)
(231/76)
(59/21)

(58/17)
(175/52)
(108/41)

(127/51)
(101/51)
(68/41)
(45/18)

(87/21)
(109/38)
(83/29)

(196/53)
(78/28)
(78/26)

(116/37)
(121/44)
(113/32)

(52/13)
(117/40)
(173/48)
(26/10)

(144/61)
(103/23)
(116/18)

(63/17)
(144/29)
(57/21)

(100/37)

(368/103)

Figure 3. Percent change (Pc) of the total C content (TC) in the soil as a function of the
characteristics of the biochar, the soil and the experimental conditians9&% confidence
interval; N: number of paired comparisons; n: number of studies. Pc significant at 5% (*), 1%
(**) and 0.1% (***) or not significant (ns). For the same factor, different letters indicate that
the subgroups differed significantly by Tukegntrasts (p<0.05)

Among the factors directly related to characteristics of the biochars evaluated in this

study, only the rate applied to the soil resulted in different responses between the categories.

The higher the biochar rate applied to the soil, the greater thesecired C, ranging from
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28. 9% f orild0.a% fersrate®25%. Moreover, the results showed no differences
between the raw materials, nor did the pyrolysis temperature or the C content of the biochar on
the percent change in soil TC. In a previous raetalysis, the responséamil C to the addition

of biochar was reported to be more dependent on biochar properties and land use properties
than on the application rate (Liu et al., 2016). The influence of raw material and the pyrolysis
temperature on the C content of biochawidely discussed in the literature (Ippolito et al.,
2020; Tomczyk et al., 2020; Wei et al., 2019). However, in general, biochar has a much higher
TC content than soil (on average 56.2 and 1.9%, respectively). Therefore, regardless of
temperature and raw aterial, due to the mass balance of C in the soil after the addition of
biochar, it is evident that the amount of this material applied exerts a greater influence on the
TC content of the soil than the biochar C content. This perception was confirmee by th
influence analysisHigure 4a). Thus, soils with less than 1% TC before biochar application

showed higher percent increases than soils with high initial content (>2%).

(a) (b) (c)
Biochar rate | B
Soil C content | |
Experiment duration - Ll L]
Experiment type 4] I
Soil sand content {1 Il l
Absolute latitude ] B e
Biochar C content {1 ] [
Soil clay content 1] | |
Climate zone ] ]
Soil silt content ] 1 I
Soil pH ] [ [
Pyrolysis temperature ] I
Raw material ]
0 10 20 30 0 10 20 30 40 50 0 10 20 30 40

Relative influence (%)

Figure4. Relative influence of predictor variables on the percent changes in TC (a), OC (b) and
MBC (c) contents in soils with biochar application

Texture affected the biocharés ability 1
In fine-textured soils the increase was greater (81.3%) than in eestseed soils (53.4%). In
addition to enabling strong chemical interactions, clay mineralgge physical protection to
SOM in different ways, either by increasing the stability of aggregates (Omondi et al., 2016;
Zong et al., 2018) or by adsorption and blocking of enzymes in the C cycle (Zhang et al., 2019).
Furthermore, in sandy soils biocl@is more subject to losses from runoff and leaching (Yang

et al., 2019) due to the high susceptibility to erosion and low ion exchange capacity of these
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soils, respectively. The soil pH did not interfere with the effectiveness of the biochar to increase
the TC contents. Despite this, there is a tendency for alkaline soils (pH > 7.5) amended with
biochar to present the greatest increases in C, as veryfied ket al. (2016).

Regarding the experimental conditions, responses of the soil TC content to biochar
application were different (p < 0.05) between the climatic zones, type and duration of the
experiments. In temperate climate regions, the variation in TC was greater (&%5%) the
others. Furthermore, experiments conducted in pots (84.7%) or soil incubations (81.5%)
showed greater increases compared to field experiments (36.2%). First, it is important to
consider the influence of other factors on these results. Inestadirried out in temperate
climate regions, an average biochar rate applied was 3.9%, 60% higher than that applied in
other climate zones (1.8.3%). Higher biochar rates were also applied in soil incubations (on
average 3.0%) and pot trials (4.1%) tharfieéld experiments (1.7%). In general, lower biochar
rates are applied in field experiments due to economic and operational issues. Therefore, as
discussed above, due to the considerable influence of biochar rate on soil TC (Fig. 4a), it is
likely that intemperate climates and controlled experiments the actual increase in TC is smaller
than that quantified in this metmalysis for such categories. Furthermore, biochar particles are
subject to a much greater number of disturbances in the field thantmolEzhexperiments
(Leng et al., 2019; Yi et al., 2020). Agricultural practices of soil preparation (eg, ploughing and
harrowing) (Naisse et al., 2015), climatic seasonality (Yi et al., 2020), interaction with soil
mese and macrofauna (Domene, 2016)geimée nutrient cycling and susceptibility to leaching
(Liu et al., 2019; Yang et al., 2019) and erosion (Abney and Berhe, 2018) contribute to the
lower levels of soil TC under field conditions.

Finally, experiments lasting longer than one year showed smaller increases in soil TC
(44.1 53.4%). However recalcitrant it may be, there is inevitably a loss of C from the biochar
over time, which negatively contributes to the remaining TC content iadifi (Bai et al.,

2019; Wang et al., 2016). Over time, the probability of losing C in the ways mentioned above

increases.
5.3.4.Driving factors of the organic C content (OC) in soils with biochar

The effects of different categories on the OC content of the soil after biochar
application are shown iRigure5. OC was generally more sensitive to the different factors
analyzed than TC. Animal manure and sewage sludge biochars were responsible for the largest
increases in OC, 289 and 242%, respectively. Other raw materials of plant origin had lower
responses, rgmng from 42 to 72%. Biochars produced from manure and sludge have a high
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concentration of volatile compounds {E&ggar et al., 2019; Xing et al., 2021) which are more
easily oxidized in soil than pyrogenic C. Because they are also rich in nutrients, these biochars
contribute to improving sngetlal, 2021), thuslincreaging ( Fr
plant development. The greater production of crop residues and roots (Faria et al., 2018;
Gonzaga et al., 2020) adds organic matter to the soil and increases its OC content (Figueiredo
et al., 2019; Luo et al., 2018). Amg the few studies that determined OC after application of
sewage sludge or animal manure biochars, all were conducted under controlled conditions (i.e.,
pot experiment or soil incubation). Therefore, the effect reported in thisanalgsis for
biochargroduced from these raw materials may be overestimated. The influence of experiment
type on soil OC will be discussed below.
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Figure5. Percent change (Pc) of the organic C content (OC) in the soil as a function of biochar,
soil and experimental conditions. ¢&l 95% confidence interval; N: number of paired
comparisons; n: number of studies. $ignificant at 5% (*), 1% (**) and 0.1% (***) or not
significant (ns). For the same factor, different letters indicate that the subgroups differed
significantly by Tukey contrasts (p<0.05)

The application of biochars pyrolyzed at temperatures of up to 350 °C or with low C

content (O35%) also resulted in the most si

62



in pyrolysis temperature concentrates C in the biochar (Ippolito et al., 2020; Tomczyk et al.,
2020), there is also a conversion from labile forms of C to stable forms (Wei et al., 2019). Thus,
as confirmed in this study, biochars pyrolyzed at low temperathave greater potential to
increase the OC content of the soil. Despite the significant difference of the group of biochars
with up to 35% C compared to the others, due to the variability of the results, further studies
using biochars with this characistic should be performed to improve the accuracy of the
estimate obtained here.

Like with the TC, the OC was also influenced by the biochar rate applied to the soil
(Figure4b). Higher rates resulted in a greater increment (p < 0.05) than lower rates. The absence
of significant difference between the very high rate and the others can be explained by the small
number of studies (3) that applied more than 5% of biochar to thé\kahree studies were
conducted in pots, because applying very high rates under field conditions is still unfeasible.
For example, considering a layer 620 cm, it would be necessary to apply rates of 100 ha
of biochar or greater for a concentration of 5%.

Regarding the soil properties, the largest relative increases in OC resulting from
biochar application occurred in alkaline soils (174.6%) or soils with low initial C content
(124%). Thus, with the application of biochar in acidic soils there are fewiéations for the
growth of the microbiota (Ali et al., 2020), which favors OC mineralization (Ding et al., 2018).
On the other hand, biochar application in alkaline soil can further increase the pH and thus limit
the growth of the microbiota, preservingdl €aC for longer (Liu et al., 2016). However, alkaline
soils had low initial C content (<1%) in 77% of the paired comparisons. This demonstrates that
the influence of alkaline pH on soil OC content may be overestimated since soil C content
exerted a greatenfluence on the results than soil pHdure4b).

Considering the C content, soils with a large amount of OC are close to saturation, and
therefore, they tend to present lower responses to the application of organic residues (Paustian
et al., 2019). Similar behavior was verified in soils with manure egipdn, and a greater
relative increase in OC (%) in soils with low C content did not imply a greater absolute increase
(Mg hd?) (Gross and Glaser, 2021). Soils with a high C concentration (e.g., from peat) should
not be used for agricultural productioredause interventions in these soils impact all
components of the peat ecosystem in addition to releasing large amounts of C into the
atmosphere (Leifeld and Menichetti, 2018; Zomer et al., 2017). Furthermore, the solil texture
was not determinant for the G©ntent. A similar result was obtained by Liu et al. (2016) and
Bai et al. (2019).
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In arid soils the potential for OC accumulation via cultivation and soil management
strategies is limited by the low water availability and the small plant biomass production (Bai
et al., 2019; Sultan et al., 2019). However, because biochar represextisraal source of C,
its application enhances the increase of OC in soils with this climatic characteristic.
Additionally, soils from arid regions have low C contents (Lal, 2009), which can be confirmed
by 76% of the results in soils from arid regions pregg an initial C content of less than 1%.
About 65% of the paired comparisons in continental climate regions also occurred in soils with
low C content. Therefore, the results in these climatic zones were indirectly influenced by this
characteristic, wit greater increases (p < 0.05) than in soils from tropical or temperate regions.

As observed for TC, increases in OC in the field &rdrterm experiments were
smaller than those conducted under controlled conditions and lasting up to one year. The
smaller longterm effect size is associated with the decomposition of labile C forms (Wang et
al., 2016) and a reduction in the growth stinsuof plants, which contribute OC to the soil
through their roots and decomposition of biomass. This reduction is mainly related to removing
nutrients (Griffin et al., 2017) and loss of the alkalizing effect of biochar (Jin et al., 2019).

5.3.5.Driving factors of the microbial biomass carbon content (MBC) in soils with biochar

The set of results showed an average soil MBC increase of 20.1% due to biochar
application Figure 6). This increase corroborates the results obtained in previous meta
analyses, in which the average increase in MBC in soils with biochar was ~17% (Liu et al.,
2016) and 26% (Zhou et al., 2017). Thus, the percent change estimated in the present study is

included in the confidence interval of these previous estimates.
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Figure6. Percent change (Pc) of the soil microbial biomass C coM#BC] as a function of
biochar and soil characteristics and experimerdatlitions. Cds: 95% confidence interval; N:
number of paired comparisons; n: number of studies. Pc significant at 5% (*), 1% (**) and
0.1% (***) or not significant (ns). For the same factor, different letters indicate that the
subgroups differed significantly by Tukegrdrasts (p<0.05)

Nutrient richness, labile C compounds and the absence of microbial inhibitors in

biochar, among other factors, stimulate microbial biomass growth. Biochars from crop residues
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or wood, which are nutriergoor residues, accounted for 83% of the paired comparisons for
MBC. Then, this fact may explain why MBC has the smallest significant percent clramnge

2). Biochar produced from animal manure, usually rich in nutrients and LC, showed the greatest
increase in MBC (123%) compared to the control. However, due to the small number of
published studies, It was | mpos sial rdmerawt o s
materials rich in nutrients and LC to increase the soil MBC. Sultan et al. (2019) reported the
greatest increase in MBC in soil with animal manure biochar after 30 days of incubation
compared to wheat straw and sugarcane bagasse biocharyardhis difference has changed

over time due to the different speeds of LC mineralization between biochars of different raw
materials.

The relative increase in MBC was also significantly influenced by the biochar rate,
soil C content, climatic zone, experiment type and duratiogu(e 6). When soils of arid
regions received biochar, the average increase in MBC content reached 91.5%. In general, the
stimulation of soil microbiota occurs primarily in soils with limitations (Wang et al., 2016),
such as those of coarse texture. Therefons, éffect is associated with increased water
retention capacity in soils with biochar (Omondi et al., 2016), which is one of the main factors
affecting the soil microbiota (Tomar and Baishya, 2020).

Furthermore, the difference (p<0.05) between very high and medium biochar rates was
masked by the coincidence that ttirds of the results included in that group were obtained
in arid regions. Thus, the influence of climatic zone on MBC variation wasnie® greater
than the influence of biochar rateigure4c). This result needs to be confirmed with a larger
number ofstudies. Other factors not addressed in this study are also very important for MBC,
such as the C:N ratio of biochar. Higher N contents (low C:N ratio) in biochars stimulate soil
microbiota, while those with high C:N ratio can reduce MBC due to soil N iilization (Liu
et al., 2016). For example, in the study by Liu et al. (2016), the application of rates greater than
20 t ha! reduced the MBC due to the high C:N ratio of biochar.

I nitially, bi ochar o6s oxi dati on and ph
colonization (Wang et al., 2016). However, as discussed in section 3.4, labile forms of soil C
such as OC and LC decrease over time. This reduction starts to limit the gnmoavth a
maintenance of the soil microbial community (Wang et al., 2018).

As in the other C fractions discussed above, for MBC the increase was greater in soil
incubations (32.6%) than in field experiments (12.6%). Under field conditions, the soil
microbiota is subjected to continuous or extreme variations in soil water cantéchanges

in the composition of the microbial community occur (Wang et al., &02h the other hand,
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in soil incubations the moisture content is maintained close to the field capacity the entire time.
This fact may explain the difference between the effect size as a function of the experiment
type.

The average variation of MBC was slightly higher in codest¢ured soils (27.3%),
despite the absence of statistical differences. Biochar particles have a large surface area with a
porous structure (Tomczyk et al., 2020), and over time an organic |layer ém its surface (Yi
et al., 2020). Thus, biochar is a favorable habitat for microbial communities in sandy soils with
larger mean patrticle diameters and smaller surface areas. The data variability did not identify
differences between the soil pH rang@s.increase in MBC was expected in acidic soils due
to the alkalizing power of biochar. Liu et al. (2016) estimated an average 49% increase in MBC
in initially acidic soils which were amended with biochar. There was also no difference between
the pyrolyss temperature groups, and only the biochar pyrolyzed at medium temperatures

resulted in a significant variation (22%; p < 0.001).
5.3.6.Driving factors of the dissolved organic carbon content (DOC) in soils with biochar

Overall, there was no change (p<0.05) to the DOC content in soil with the application
of biochar Figure7). It can also be noted that for most factors evaluated, the percent change in
DOC was not significant (p>0.05). Furthermore, the relatively large number of studies that
evaluated DOC shows that this fraction is not as sensitive to biochar applicatiencdisers.
Biochars have a small quantity of compounds in their composition that will join the DOC in the
soil. However, the small DOC increase is temporary, and with the ageing of the biochar, this
effect quickly disappears (Liu et al., 2@)9as confirmed in the present study. This finding
implies that the risk of biochar application altering soil water quality via DOC leaching is
minimal (Yang et al., 2019). DOC has been reported to decrease in soils with biochar through

adsorption (DeCiueis et al., 208).
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Figure7. Percent change (Pc) of the dissolved organic C content (DOC) as a function of biochar
and soil characteristics and experimental conditions: @5% confidence interval; N: number

of paired comparisons; n: number of studies. Pc significant at 5% (*), 1% (*0.afa (***)

or not significant (ns). For the same factor, different letters indicate that the subgroups differed
significantly by Tukey contrasts (p<0.05)

In some conditions where significant increases were identified (animal manure
feedstock and tropical climate zone) only one study was included in the subgroup analysis.

Thus, these results may be inconsistent and require confirmation from a larger nimber o
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studies. On the other hand, the number of studies conducted in pots was higher (8) and allows
for greater certainty in stating that there was an increase in soil DOC compared to soil
incubations irthese studies. In contrast to the results obtained in the present study, differences
in soil DOC content as a function of the experiment type were reported by Liu et al. (2019a, b).
The authors attributed the discrepancy between laboratory and fields ressudaitural soll
wetting and drying cycles.

5.4.Conclusion

This study presents results from different climatic regions of the globe and confirms
the potential of biochar to accumulate C in the soil. Biochar application resulted in an increase
i n both | abile and stabl e C fduabeoviranmemtalandwh i c
agronomic potential. On average, biochar increased the TC content by 64%, confirming its
importance in sequestering C in the soil. Biochar stimulates nutrient cycling and agricultural
production by contributing to the soil labile @dtions (LC, MBC and OC). In addition, the
preferential use of local waste as a raw material also reinforces the sustainability of this
technology. The results indicated that multiple factors are involved in the response of C
fractions to biochar applidah, such as biochar rate, soil C content, experiment duration,
experiment type and climatic zone. Furthermore, quantifying the addition of C to the soil in
relation to the initial content (rather than in absolute values) and detailing this estimate for
different types of biochar, soil properties, and experimental conditions can help improve the
estimate of potential soil C accumulation via biochar application. This improvement is critical
to assist in decision making and in the definition of strategiepalizdes to encourage the use

of biochar as a tool to achieve the goals established in global climate agreements.
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CHAPTER I

SEVEN-YEAR EFFECTS OF SEWAGE SLUDGE BIOCHAR ON SOIL
ORGANIC CARBON POOLS AND YIELD: UNDERSTANDING THE
ROLE OF BIOCHAR ON CARBON SEQUESTRATION AND
PRODUCTIVITY
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Abstract

The increasing need for sustainable agricultural practices and climate change mitigation has
drivenresearch into biochar's role in enhancing soil carbon (C) sequestration and fertility. This
study investigates the lortgrm effects of sewage sludge biochar (SSB) on soil C stocks and
organic matter fractions, addressing whether SSB can improve soil€ssedion. Over seven
years, soil samples were collected postvest each season to analyze total C (TC), total
nitrogen (TN), and various organic matter fractions, including easily oxidizable organic C,
permanganatexidizable C, noroxidizable C, humisubstances, particulate C, and mineral
associated C. Thermogravimetric Ymadri s,
measurements were also performed. Results demonstrate that SSB application enhances soil
TC and TN levels, indicating improved soil fertility and C sequestration potential. Notably,
SSB amendments increased the-paitlizable organic C pool, contributing soil organic

matter stabilization. While the easily oxidizable organic C pool was increased under SSB at
300°C, the permangate oxidizable C pool was not affected by treatments, suggesting that
SSB primarily affects more recalcitrant C fractions, essential for-termy C sequestration.
Additionally, SSB application substantially increased crop yield, with higher grain yeld a
shoot biomass observed over multiple growing seasons. However, a decline in corn yield from
the fourth season onwards in S8Bly treatments highlights a limited capacity of biochar to
sustain longerm productivity. These findings underscore the effecess of SSB in
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enhancing soil C pools and its potential role in sustainable agricultural practices. Future
research should focus on loteym field studies under various environmental conditions and
explore the potential of epyrolysis of sewage sludgeith other feedstocks to enhance C
stability. The broader adoption of biochar technology could play a vital role in mitigating
climate change and promoting sustainable agricultural development.

Keywords:soil carbon sequestration, organic matter fractions, biosolids biochar, sustainable
agriculture, longterm field study

Resumo

A crescente necessidade de préaticas agricolas sustentaveis e a mitigacdo das mudancas
climéaticas tém impulsionado pesquisas sobre o papel do biochar em melhorar a sequestro de
carbono (C) no solo e a fertilidade. Este estudo investiga os efeitos de tangalp biochar

de lodo de esgoto (SSB) nos estoques de C no solo e nas fracdes da matéria organica, abordand
se 0 SSB pode melhorar a sequestro de C no solo. Ao longo de sete anos, amostras de solo
foram coletadas apds a colheita de csafeapara anaBar o carbono total (TC), o nitrogénio

total (TN) e varias frac6es da matéria organica, incluindo carbono organico facilmente oxidavel,
carbono oxidavel por permanganato, carbono ndo oxidavel, substancias hamicas, carbono
particulado e carbono associadaninerais. Analises termogravimétricas, susceptibilidade
magn®tica do solPo &N tambén forane ealizddas. @s resultados
demonstram que a aplicacdo de SSB aumenta os niveis de TC e TN no solo, indicando uma
melhoria na fertilidade do so®no potencial de sequestro de C. Notavelmestaatamentos

com SSB aumentaramaompartimentale carbono organico ndo oxidavel, contribuindo para

a estabilizacdo da matéria organica do solo. Embora o carbono organico facilmente oxidavel
tenha aumentado sob SSB a 300°Cpmpartimentale carbono oxidavel por permanganato

nao foi afetado pelos tratamentos, sugerindo que o SSB afeta principalmente fracées de C mais
recalcitrantes, essenciais para o sequestro de C a longo prazo. Além disso, a apl8&¢ao de
aumentou substancialmente a produtividade das culturas, compradatividadede gréaos e
biomassa da parte aérea observados ao longo de varias safras. No entanto, @& queda n
produtividadede milho a partir da quarta safra em tratamentos apenas com SSB destaca uma
capacidade limitada do biochar em sustentar a produtividade a longo prazo. Esses achados
ressaltam a eficacia do SSB em melhorarapspartimentosle C no solo e seu potencial papel

em praticas agricolas sustentaveis. Pesquisas futuras sewemcentrar em estudos de campo

de longo prazo em varias condicbes ambientais e explorar o potencigbiddlise do lodo de

esgoto com outros materiais para aumentar a estabilidade do C. A ado¢do mais ampla da
tecnologia de biochar pode desempeninapapel vital na mitigacdo das mudancas climaticas

e na promocéao do desenvolvimento agricola sustentavel.

Palavraschave: sequestro de carbono no solo, fracbes da matéria organica, biochar de
biossdlidos, agricultura sustentavel, estudo de campo de longo prazo

6.1.Introduction

Soil is the largest terrestrial carbon (C) reservoir, storing more C than the atmosphere
and vegetation combinegdal, 2010) Enhancing soil C sequestration is a key strategy for

mitigating climate change and improving soil qualiBas et al., 2021)Biochar, a solid by
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product of pyrolysis, is a promising amendment for increasing soil C stocks due to its high C
content and stabilityChagas et al., 2022; Gross et al., 20BYyolysis is a versatile process

that converts biomass into gaseous, liquid and solid products, the proportions of which are
strongly influenced byhe pyrolysis conditiongVuppaladadiyam et al., 2023\mong the
resulting products, the nesolid fractions are valuable for bioenergy and emission reduction
purposes(Werner et al., 2018)while biocharhas significant potential for climate change
mitigation due to its €ich nature(Lehmann et al., 2021Biochar is formed through the
thermochemical transformation of feedstocks, resulting in a stable C structure characterized by
low oxygen and hydrogen contefiteng et al., 2019)Ilts C stability increases with longer
pyrolysis time and lower ash content in the feeds{bttBeath et al., 2015)

The world produces approximately 359.4 billion m3 of wastewater annually, with
Brazil contributing 18.5 billion m3, or ~5% of the global total. Of this total, 52% undergoes
treatment(Jones et al., 2021)esulting in the generation of sewage sludge (88) et al.,

2020) As urbanization intensifies, convieg SS to sewage sludge biochar (SSB) has emerged
as a sustainable solution, presenting an agricultural opportunity with positive environmental
impacts.Pyrolysis has emergeder the past two decades an alternative method to convert

SS into a safe and nutrienth amendmen(Liu et al., 2018)

The chemical composition and properties of SSB differ from those of biochars derived
from lignocellulosic feedstocks. SSB hasower total C (29.8%) and higher total N (4.8%)
than lignocellulosébased biochars (57.3% and 1.5%, respectively), resulting in a lower C:N
ratio (6.2 vs. 54.7)Gonzaga et al., 2018; Jafari Tarf et al., 2022; Khan et al., 2015; Shao et al.,
2020) Furthermore, among 21 different biochar samples with contrasting feedstocks, SSB at
different temperatures had lower C stabilidhikari et al., 2024)Because of its nutrient
richness, SSB is considered preferable for plant nutrition purp@ses et al., 2018)
increasing crop Yields by 14R%, especially in acidic tropical soi{doseph et al., 2021)
Consequently, unlike other-ch biochars, SSB was not primarily intended for soil C
sequestration. However, it is crucial to assess whether it can directly or indirectly promote C
stock gains and improve soil organic matter (SOM) quality when usedtigiional purposes.

SOM is essential for soil health, fertility, and C sequestration. However, SOM is
heterogeneous and consists of different fractions with distinct turnover rates and functions in
soil (Lehmann and Kleber, 2015J0 evaluate how SOM quality changes over time, it is
important to measure and compare these fractions and their interd@loars et al., 2002)
Biochar can affect SOM fractions in several ways. However, not all SOM fractionation methods

are suitable for biochaamended soils, as some may interfeith the separation process or be
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misclassified as native SONPaetsch et al.,, 2017)herefore, selectg an appropriate
fractionation method is crucial for studying the effects of biochar on 8Cidper et al., 2020)

In general, SOM can be fractionated based onphysical or chemical
characteristics/reactivitfjvon Lutzow et al., 2007)n the former method, SOM is separated
into light and heavy fractions, where biochar can affect these fractions differently based on its
properties and interactions with soil partic/&ong et al., 2016)Biochar can increase the
particulate C fractionwhich consiss d large organic particleshat aretypically easily
decomposedYang et al.,, 2018)However,being resistant to decompositiofjochar can
introduce recalcitrant C intthis labile fraction (Paetsch et al., 201, #equiringcautionwhen
measuring SOM fractions ihiocharamendedsoils. In the chemical fractionatioomethod
SOM s separatethto componentdike humic substances, labile C, easily oxidizable C, and
inert C(von Lutzow et al., 2007Based orits properties andoil environmeninteractions
biochar can influence these components differetitigan increasbumic substancagtention
by adsorbing them aa its porous structurgPignatello et al., 2017)affect microbial
decomposition of labile organic matterough priming or protective effectsspecially ifow-
fertility soils (EI-Naggar et al., 2019; Figueiredo et al., 2€)1%nd alter the amont and
composition of easily oxidizable organic €flecting microbial activity and biochaoil
interactiong(Abbas et al., 2019; Yang et al., 201Bjochar caralsocontribute tononlabile
pools likeinert C and huminyith long-term effects on soil C sequestratidfayes et al., 2017,
Wander, 2004)

SSB typically contains high volatile content, especially at low tempergZinesg et
al., 2015) As a result, C supplied via SSB may have a shortedifelfompared to biochar
from other feedstockd eng and Huang, 20187 his highlights the importance of considering
the distinct properties of SSB when assessing its impact on SOM dynamics. When used in
agriculture, SSRanfully or partially replace chemical fertilizers, with residual effects lasting
up to three year@~aria et al., 2018)Therefore, elcidaing the indirect effects of agricultural
SSB use requires assessing soil C dynamics after ceasing SSB application (residual effect);
interactions with mineral fertilizers, particularly N; and comparisons with conventional
fertilization.

However, several knowledge gaps hinder a comprehensive understanding of the
potential of SSB for soil C sequestration and its interactions with native SOM. These gaps
include limited longterm field studies on SSBmended soilsa small number of studies
focueed on SSB, uncertainty about residual effects after SSB application ceases, unclear

interactions between SSB and mineral fertilizers (particuld)lyand lack of comprehensive
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field assessments of SSB effects on total soil C stocks and SOM pools. To address these gaps
and unlock the potential of SSB to provide C sequestration benefits, it is imperative to conduct
long-term field studies that cover different aspects of SSB aifit(Gross et al., 2021Yhe

results of this study provide eviderbased guidance for optimizing the use of SSB as a soll
amendment with unique properties.

Despite the relatively low C content of SSB compared to lignocelkdesged
biochar, even modest soil C gains over large areas could contribute significantly to climate
change mitigation. Therefore, assessing the C sequestration potential of SSBiffereert d
realworld conditions is essential for a holistic sustainability assesskdsinig waste streams
for nutrient cycling and soil C enhancement has multiple global sustainability benefits.

To address these issues, the objectives of this study were i) to assess the dynamics of
C in labile and stable SOM pools over seven years following SSB application, and ii) to evaluate

the direct and indirect contribution of SSB to soil C stocks.

6.2. Material and Methods
6.2.1.Sewage sludge biochars: production and characterization

The feedstock for the biochar was SS from tertiary treatment plants dried in solar
drying beds at 20% humidity. SS was collected from the sewage treatment plants of the
Environmental Sanitation Company of the Federal District (CAESB) located in Gama and
Samambaia (Brasilia, Brazil).

Biochars were produced at 300°C (SSB300) and 500°C (SSB500). For this purpose, 8
mm sieved SS was pyrolyzed in a muffle furngteén Elektro Therm, Eschenfelden,
Germany) at an average heating rate of 2.5°C n@ind a residence time of 30 min. After
pyrolysis, the SSB were stored in plastic bags until their application to the soil.

The physicochemical characterization of SS and SSB was perfofirabt:2). The
pH was determined in Caf.01 mol L' (1:5 m/v)(Brazil, 2014) The total contents of C,,N
H and Owere determined in an elemental analyzer (PE 2400, series Il CHNS/O, PerkinElmer,
Norwalk, USA). Nitrate (N@ i N) and ammonium (NHT N) were determined by the Kjeldhal
method(Bremner and Keeney, 1963Ylacronutrients were determined after nitroperchloric
acid digestion(Silva, 2009)and quantified by the following methods: P was determined by
molybdovanadophosphoric acid method; K by flame photometry; Ca, Mg and S were
determined by ICRODES (ICPE9000, Shimadzu, Japan). Pore volume (PV) and specific surface

area (SSA) were measuregidcadsor pti on i sotherms at 1196.
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(NOVA 2200, Quantachrome)The proximate analysis of SSB was conducted using
simultaneous thermal analyzer (details in the Appendileld was calculated as the ratio of

the masses before and after pyrolysis.

Table2. Characteristics of sewage sludge feedstock and biochars pyrolyzed at 300°C (SSB300)
and 500°C (SSB500)

Characteristit Sewage sludge SSB300 SSB500
pH (CaCh) 4.810.4 5.8+0.2 6.5+0.3
C (%) 21.0+0.4 23.4+0.4 19.0+0.2
H (%) 4.210.1 3.6:0.1 1.7+0.1
N (%) 3.0+0.1 3.310.1 2.310.1
O (%) 72.0£0.5 69.7+0.5 77.00.2
H/C 2.4+0.1 1.840.1 1.140.1
o/C 2.6+0.1 2.2+0.1 3.0:0.1
C/N 7.0+0.1 7.0+0.1 8.3+0.1
NO3'TN (mg kd?) 23.3t34 17.5+2.8 5.8+0.9
NH4"TN (mg kd 1) 461.2+36.0 431.9+31.0 169.3+19.8
P (g kg 35.7+2.8 41.1+£3.2 61.3+5.6
K (g kg 0.8+0.1 1.6+0.1 1.25+0.1
Ca (g kgh) 6.6+0.1 6.7+0.2 8.2+0.3
Mg (g kd b 0.8+0.1 1.840.1 1.740.1
S (g kgh 6.7+0.2 15.1+1.0 7.420.4
PV (mLd?} 0.022+0.001 0.027+0.001 0.053+0.002
SSA (nfg'}) 18.2+1.2 20.2+1.8 52.5+4.3
Moisture (%) - 6.86 9.22
Volatile materials (% db) - 43.90 31.83
Fixed carbon (% db) - 3.03 5.47
Ash (% db) - 53.07 62.71
Yield (%) - 86+8 65+4

! mean * standard deviation (n=3); PV: pore volume; SSA: specific surface area; db: on dry basis. Adapted from
(Figueiredo et al., 2019a)

6.2.2.Field trial: location and experimental design

The field trial was set up at Fazenda Agua Limpa (FAL/UnB), BraBifia Brazil
(latitude 15A5606450S, longitude 47A556430W
by native vegetation, Cerrado, was converted to pasture in 2005. Subsequealpetitaent
was established in November 2014 when the area presented characteristics of degraded pasture
due to lack of managemerkigure8).
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Figure 8. History of the field trial, including sewage sludge biochar (SSB) amendments,
fertilization, and other management practices used during the evaluated period

The region has a tropical savanna climate (Aw, Képpen) with a dry winter from April
to September. The average annual precipitation is 1400 mm-220®&) and the average annual
temperature ranges from 14.7 to 25.4 °C. The soil was classifiedtassolo Vermelho
Amareloaccording to the Brazilian Soil Classificatig8antos et al., 2018klayey Oxisol
(Typic Haplustox)(Soil Survey Staff, 2014)Gibbsic Ferralso{lUSS Working Group WRB,
2015) The physical and chemical properties of the sell.@m) prior to the experimental setup
are presented ihable3 and were determined according to Teixeira et24117)

Table3. Physical and chemical properties of the soil prior to experimental setup

Soil property Value Soil property Value
pH (H0) 4.9 Al?* (cmok kg' 3 0.04
OC (g kg 3 19.8 H+Al (cmolc kg' 3 5.9
P (mg kg ) 2.3 CEC cmok kg' j 9.3
K (cmol kg' 3 0.1 BS (%) 36.6
Ca* (cmok kg' 3 2.4 Sand (g kg j 45.0
Mg?* (cmok kg' ) 0.9 Silt (g kd 3 360.0
SB (cmol kg' 3 3.4 Clay (g kg 3 595.0

OC: organic carbon; SB: sum of bases; CEC: cation exchange capacibhgsSaturation.

A randomized block design with four replications and six treatments was used: 1)
control- no biochar and no mineral fertilization; 2) NPKnineral fertilization with N, P and
K; 3) SSB300- application of pyrolyzed biochar at 300°C; 4) SSB508pplicaton of
pyrolyzed biochar at 500°C; 5) SSB300+NPK; 6) SSB500+NPK. The experimental plots were
20 m? (5x4 m).

6.2.3.History and crop management practices

Seven crop seasons were evaluated, according to the harvest dates as fdllows: 1
2015, 29- 2016, 3 - 2017, 4'- 2018, §'- 2019, &' - 2020, and ' - 2021. Details of the crop
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management practices applied in each season are provitlable# andFigure8. Prior to the

first growing season, the soil was plowed, harrowed, and limed to raise the BS to 55%. In
subsequent seasons, limestone was applied as needed without tillage to maintain 55% BS. Due
to naturally low soil P and K levels, corrective fertilisatwas applied before planting the first

two crops. Thereatfter, corrective fertilization was applied as needed based-barpest soil

analysis for each plot.
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Table4. Description of seasonal agricultural practices and fertilizer inputs during the sewage

sludge biochar (SSB) field experiment

Prior to corn planting (Oct/Nov) Planting Side
Season Treatment Tillage*  Lime® Corrective fertilizatiof* SSB (t ha} Eﬂg\l,'/zggg)n ?gﬁﬁleggon
Control ) - - -
NPK Soil was ﬁ;:islfr?g';s 'P (1110 kg NPK°® NK¢
1st SSB300 lowed i .15 - -
(20123 SSB300+NPK gnd 1.24tha’ i“pefﬂhosr’hate) and 4z g NPK NK
g hd K (85 kg ha
SSB500 harrowed potassium chloride) 15 - -
SSB500+NPK 15 NPK NK
Control ) - - -
NPK 436 kg ha'P (555 kg NPK NK
(2nd) SSB300 . ing'e 15 - -
2016  ssB30o+NpK Ol igphegﬂio(sfg'g‘g 2201' 515 NPK NK
SSB500 potassium chloride) 15 - -
SSB500+NPK 15 NPK NK
Control - - -
NPK - NPK NK
(3rd) SSB300 No-till i According to the - - -
2017 SSB300+NPK necessity of each plot - NPK NK
SSB500 - - -
SSB500+NPK - NPK NK
Control . - - -
NPK It was applied . NPK NK
(4th)  SSB300 Nodil  aore8Se  According to the - - -
2018 SSB300+NPK saturation to necessity of eacplot - NPK NK
SSB500 55% - - -
SSB500+NPK - NPK NK
Control . - - -
NPK It was applied _ NPK NK
(5th)  SSB300 Nodil  aoTeSe  according to the - - -
2019 SSB300+NPK saturation to necessity of each plot - NPK NK
SSB500 55% - - -
SSB500+NPK - NPK NK
Control ) - - -
NPK It was applied _ NPK NK
(6th)  SSB300 Nodil  aloTeSe  According to the - - -
2020 SSB300+NPK saturation to necessity of each plot - NPK NK
SSB500 55% - - -
SSB500+NPK - NPK NK
Control ) - - -
NPK It was applied _ NPK NK
(wy S0 o DI acodngone -
2021 SSB300+NPK saturation to necessity of each plot - NPK NK
SSB500 5506 - - -
SSB500+NPK - NPK NK

*.in all treatments; a: dolomite lime with 100% agidutralizing potential; b: according to Sousa and Lobato
(2004) c: 30 kg h&' N + 45 kg h&! P + 48 kg hdt K (714 kg ha! NPK [4-14-8]); d: 75 kg h&' N (urea) + 48 kg
hd* K (KCI) at V4 stage + 7%g hd! N (urea) at V6 stage.

In the first two growing seasons (2026816), SSB was applied at 15 t' hgdry

weight) per crop and incorporated into the top 0.2 m of soil using a rotary hoe before planting.

No SSB was applied in the following five growing seasons (ZII71) in order to evaluate

residual effects. The biochar rate was selected baseprexious study showing optimal yields
with 10-20 t ha! (Sousa and Figueiredo, 2016)
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Planting was carried out at a density of 66666 plarits hth 5 furrows per plot at a
distance of 0.9 m and 6 plant$!min the first four seasons, corn hybrid LG 6030 was grown,
while hybrid RB9789 VIP3 was sowim the remaining seasons. Regardlggscessation of
biochar application, mineral fertilizer was applied in the sowing furrow of the respective plots
(NPK, SSB300+NPK and SSB500+NPIg) all years Table4). Side dressing fertilization was
applied atthe stages oWV4 (four developed leaves) and V6 (six developed leaves). These
fertilizations were based on the ptstrvest soil analysis of the previous crop and local
recommendations fgroducingl0 t ha! of corn grain(Sousa and Lobato, 2004)

Weeds were controlled manually by hoeing whenever necessary to prevent
interference to the crop. No pesticides were applied. In the period between harvest and
subsequent seeding the weeds were not managed. Harvesting was done manually between May
and Junelmmediately after harvestinghesoil was sampled in the@?2 m layer with a Dutch
auger, taking 5 subsamples in the central furrows of each plot. Soil samples were passed through
a 2 mm sieveair-dried,and stored in plastic bags.

6.2.4.Soil analysis

Despite the uncertainties surrounding physical fractionation me(Raagtsch et al.,
2017) the organicC in biocharamended soilsom the experimental siteas subjected to both
physical fractionation and chemical procedureish soil samples collected from theO02 m
depth at posharvest of each growing seas@wditionally, soil samples from an area of native
Brazilian Cerrado near the experimental gitxe collected and analyz&®m the same depth
for comparisonwith the Cerrado sampig occurringspecifically at posharvest of the 2018

growing seasan
6.2.4.1.Chemical characterization
6.2.4.1.1Total carbon (TCand nitrogen (TNganalysis

Soil samples were passed through a 150 um sieve. Approximately 2 to 4 mg of ground
soil was weighed into tin capsules and the ar@ TN content vere determined in a CHN
elemental analyzer (Eurovector EA3000, Milan, Italy) at 980F@e C:N ratio was also

calculated.
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6.2.4.1.20rganic carbon poolsy oxidationmethods

The easily oxidizable organic carbon (EOOC) in soil was determined by wet oxidation
with potassium dichromate (Kr.O;) without an external heat sour{@alkley and Black,
1934) After drying and sieving through 0.5 mm, 0.5 g of soil sample wasfas#ite EOOC
determination. Then 20 mL of sulfuric acid{4) was added, stirred, and allowed to settle
for 30 minutes. After resting, it was titrated with ferrous ammoniacal sulfate
(Fe(NHi)2(SQy)2.6H20). Nonroxidizable C (NOC) content was calculated as the difference
between TC an8OOC(Chan et al., 2001)

Permanganatexidizable carbon (POXC) was evaluated by oxidation with potassium
permanganate (KMn£) (Blair et al., 1995)To 1 g of soil passed through a 500 pm sieve, 25
mL of KMnO4 333 mmol L' was added. This mixture was stirred for 1 h and then centrifuged.
An aliquot of the supernatant was collected for measurement in a spectrophotometer (Espec
UV-5100, Metash, China) at 565 nithe difference between EOOC and POXC was calculated
on the assumption that thereaisoverlap between the C extracted bggb methods.

6.2.4.1.3Humic substances fractionation

The soil humic substances were fractionated fabtaic acid (FA), humic acid (HA)
and humin (HU) by means of the difference in solubility in acidic and alkaline r{tedhié,
1996) with adaptations reported by Benites and Machéf®3) A 1 g soil (& mm) was
shaken with 20 mL sodium hydroxide (NaOH). @nol L' . This mixture was centrifuged, and
the extract was retained. Another 20 mL of NaOH was added to the solid material, and the
extract was again retained after centrifugation. The solid materiahed4U fraction, which
was overdried and stored. The alkaline extract was acidified wigB@® and centrifuged to
separate the HA. The precipitatdé was solubilized in NaOH. The C content of tha, FA
and HU fractions was quantified by oxidation WibCr.O.

6.2.4.2.Physical fractionation

Particulate carbon (PC) was extracted by dispersing 20 g-dfiad soil with 80 mL
of 5 g L'! sodium hexametaphosphate ((Najpand shaking for 16 h on an orbital shaker at
150 rpm(Cambardella and Elliott, 1992) The soi | suspension was
retain particulate organic matter and sand. This fraction was washed with deionized water,

ovendr i ed at 60AC, ground through 150 e&m, an
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analyzer (Eurovector EA3000, Milan, Italy) at 980°C, correcting for soil sand content. The

mineratassociated carbon (MAC) was calculated as the difference between TC and PC.
6.2.4.3.Thermogravimetric analysis (TGA)

The thermal stability of SOM was assessed using a thermogravimetric analyzer
(Shimadzu DTG60H, Kyoto, Japan)Approximatelyl0 mg of soil(150 pm)wasplaced in a
platinum crucible and heated from room temperature to 1000°C at 20°Cumidier synthetic
air (80% N, 20% Q), with a flow rate of 50 mL min. This analysis wasonducted exclusively
onsampledrom the 2018 growing season.

Weight loss (WL) was calculatestrossdifferent temperature range®flecting the
stability of different SOM pools or fractions. Thermostability indices were also determined
based on the WL. These temperature ranges and indices were derived from a comprehensive
literature review.

Further TGA dataanalysis involvedthe calculation ofmean thermal mass losses
(TML) within 10°C intervalsacrossthe 3G 1000°C temperature rangelhe coefficient of
determination (R2) between TML and thdr&ctions or poolslescribed in sectior&2.4.1and
6.2.4.2was calculatedproviding a quantitative measure ofitheslationship(Tokarski et al.,
2020)

6.2.4.4.Magnetic susceptibility

Magnetic susceptibilityvasmeasuredta low frequency (0.47 kHz) using 10 g of-air
dried soil in a Bartington MSthstrumentcoupled to a Bartington MS2B send®@earing,
1999) The reportedesults are the average of six measurements per sample, obtained from

three replicates with two measurements each
6.2450°C amd

Approximately 20 to 30 mg of soflL50 um)was weighed in tin capsules and the C
and N i s oCo mérN)wastdétesmingdiin an elemental analyzer (Carlo Erba,-CHN
1100) coupled to a Finnigan DELTAplus mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) at the Laboratory of Isotope Ecology, Center for Nuclear Energy in
Agriculture (CENA/Universityof Sdo Paulo), Piracicaba, SP, Brazil. The isotope ratios were
calculated according to equati8). This analysis was conducted exclusively on samples from

the 2018 growing season.
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18 b 22— P PTTT (3)
Where UX is t ha#peandsRuti@apeithe isatogit ratiosC:1R or
15N:1%N) of the samples and standard, respectively.
T h eC U a i° welie expressetklative to Vienna Pee Dee Belemnite (VPDB;
13C:12C=0.0112372) and to atmospheric N. The lb@gn analytical error for the internal
standard i HOd2ANO0PNadE G or U

6.2.5.So0il carbon stock

Soil C stock (SCS) was estimated according to the following equ@bion
3#34# $ ( 4

where TCrepresents thiotal C content in the sob is thesoil density andH is thethickness

of theevaluatedsoil layer. To determinthe density, undeformed soil samples were collected
from the 0.0750.125 m layer using a metal cylinder of known volumigh one cylinder per
plot. They were ovedried and weighedind thedensity was calculataasingthe ratio of mass

to volume.

Sincethe soil density did nashow significant variationamong the treatments, the

average density was used to calculate the equivalent layer in the Citlladoand Bettany,
1995) Changes in SC®erecalculatedrelativeto thecontrol treatmentand he results were

expressed akedifference between theontroland the treatment, in Mg ha
6.2.6.Crop yield

Postharvest, the grain yield and shoot biomass dry matéee determinedFifteen
plants from the three central rows of each plere sampledThese plants were dried in a
circulating oven at 65°C until a constant weiglats achieved, which allowezhlculatng the
shoot biomasdry matter. The eafsom theseplants were manually shelled, and the grain yield
was adjustedo account forl3% moistureThe yield accumulatedver the growing seasons

wasalso calculated
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6.2.7.Biochar carbon stability indices

Distinct indices were calculated estimatehe biochar C stabilityincludingtheH:C
ratio, organic C content on a dry weight basis for biochar type t in yeary)(@@rmostable
fraction (TSF), and Endgrindex.

CC,t wasdeterminedas the product ahe mass(My:), a permanence factOPRie),
andtheelement&C content(Fp) (Verra, 2023)according to equatiofb):

## - 5 & 02 (5)

whereMy wasassumed to be tbn; and PRie wasappliedbased orits H:C ratia for H:C <
0.4, PRiewas0.74, and for H:C > 0.8 Rje was0.56 (Adhikari et al., 2024)

TSFwas defined as the ratio of fixed C to the sum of volatile matter and fixed C from
proximate analysi¢Cely et al., 2014)The index proposed bgnderset al.(2012)classifes
biochar according to the combination of its volatile matter and O:C fdi®elementaratios
H:C and O:Candthevolatile mattercontent weredeterminedaccording to sectiofi.2.1 The
H:C values werappliedaccording tccriteria established bgudai et al(2013)

Theseindices werghencomparedvith theassumed values for C stability, providing

insights into the C stability of these biochars.
6.2.8.Statistical analysis

To compare treatments and cropping seasons (fixed effaltsyy the yearthe data
were analyzed considering an experiment with repeated measures in time using a linear mixed
model with the help of PROC MIXED of SAS (SAS Inc., USA). This type of analysis was
selected based on previous lelegm studies with biochar applicatiG@ornelissen et al., 2018;
Griffin et al., 2017; Katterer et al., 2019 addition, the model parameters were estimated
usingthe restricted maximum likelihood (REML) method, @hd Satterthwaite method was
used to calculate the approximate number of degrees of freedom. The variance component
structure was selected according to the Akaike's information criterion (AIC) or the Bayesian
information criterion (BIC) by the minimum vadicriterion. The normality of the residuals was
checked by the Andersdbarling test and the nemormal data were transformed by BGox
(Box and Cox, 1964using theconvenient lambda valudhe means of fixed factors with
p<0.05 were compared by TukeyTarkeyK r a me r =@.08)dar balarided and unbalanced

data, respectively.
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The sensitivity index was calculated by determining the percentage change in the
concentration of the TC and C pool/fraction in soil resulting from a specific treatment, relative
to the concentration in the cont{Mang et al., 2017)

Differences in WL and thermostability indices between treatments were statistically
compared using analysis of variance (ANOVA) in R 4 XLore Team, 2023Thecurves of
R2 between TML and the C pools/fractions were fitted using generalized additive models with

a 95% confidence interval.

6.3.Results
6.3.1.Biochar carbon stability

Table5 presentsa comparative analysis of C stability indices for SSB pyrolyzed at
different temperaturesising biochars of distinct feedstocks as referefoe indices evaluated
include the H:C ratio, Gg TSF, and Enders' index. All indices consistently classifth b
SSB300 and SSB5@s havindow C stability.In particular,C stability ofSSB was inferioto
biocharderivedfrom other feedstocks such as hardwood, rice husk and rapedsed are

classified as moderately to highly stable.

Table5. Comparative analysis of carbon stability (CS) indices for SSB300 and SS&%D0
biochars of other feedstocks

Biochar SSB300 SSB500 Assumed values for CS Conclusion Biocharsfrom other
characteristics/ indices feedstock®
index
H:C 1.8 1.1 < 0.4 =high CS Both SSB: Hardwood:high CS
> 0.4 =low CS low CS Rice huskhigh CS
Rapeseedhigh CS
CC 13.1 10.6 < 25 =low CS Both SSB: Hardwood:high CS
257 50 =moderate CS low CS Rice huskmoderate CS
> 50 =high CS Rapeseednoderate CS
TSF 6.5 14.7 <20 =low CS Both SSB: Hardwood:medium CS
2171 59=medium CS low CS Rice huskhigh CS
> 60 =high CS Rapeseechigh CS
EnderSindex VM: VM: VM > 80% =negligible CS Both SSB: Hardwood:high CS
43.9 31.8 VM < 80% and (O:C 0.2 low CS Rice huskhigh CS
0:C:2.2 0O:C:3.0 orH:C>0.4)=HowCS Rapeseechigh CS

VM < 80% and (O:C < 0.2

or H:C < 0.4) =high CS
SSB300 and SSB500: sewage sludge biochar pyrolyzed at 300°C and 50Q3CGyrG&hic C content on a dry
weight basis for biochar type t in year%)( TSF: thermostable fraction (%); VM: volatile maftarresults from
Adhikari et al.(2024)7 biochas of hardwood pyrolyzed at 600;@ice husk at 550°Cand rapeseed at 55Q0°C
Green color represents current accepted analysis methods according to VCS for C credits ceififiation
2023)
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6.3.2.TCand TN

The application of SSBffectedsoil TC, TN, and the C:N ratio ithis sevenyear field
experiment (p<0.05) Soils amended with SSB300, SSB300+NPK, and SSB500+NPK
regardless of additional mineral fertilization, exhibited consistently significantly higher TC
content(28.96, 28.36, and 28.54 g'kgrespectivelycompared to contrd6.44 g k¢ and
NPK (26.70 g ki) treatments(Figure 9A). SSB treatments had similfiC contens. On
average SSB treatments increased TC by 23%% relative to the control, reaching levels
comparable to the native Cerrado sdthe temporal dynamics of TC showed that the SSB
amended soils maintained higher TC levels than the control and NPK soils in all seasons, except
for SSB500+NPK in the first season.
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Figure9. Soil total C content (A), total N content (B) and C:N ratio (C). NPK: mineral fertilizer;
SSB300and SSB500sewage sludge biochar pyrolyzed at 30@#€ 500°C. The bar plot
represents the mean gfrowing seasons. Means followed by a common letter are not
significantly different by the Tuketest(p < 0.05) Error bas represent standard errétp O
0.01

Similar trends were observed for TMWith all soils amendedwith SSB having
significantly higher valuethancontrol and NPKFigure9B). Notably,the TN conterd of SSB
amended soilsxceeed 1.96 g kg', while those ofcontrol and NPK soilsvere only1.70 and
1.79 g k¢, respectively. Tis translateso average increases of Tidnging from 15.3% to
28.8%in SSB-amendedsoils relativeto control. Importantly, no significant differencevas
found between control and NPK soils in terms of TN content. The SSB application alone
resulted in higher TN levels than the exclusive mineral fertilization over the seven years.
FurthermoreTN in SSBamended soilsven surpassed timative Cerrad@ontent
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The C:N ratio of the soil was significantly reduced by SSB application, due to the
greater proportional increases in TN content tharfHigure9C). The lowest average C:N ratio
was observed in the soil with SSB500+NPK (13.2Yrontrast,ie control and NPK soils had
similar and highelC:N ratios ofl5.58and 5.02 respectivelyTherefore SSB application led
to average C:Neductiongangingfromi4.7% toi 14.8% compared to the contrdloreover,
the C:N ratio of the control, NPK, and SSBnended soils was lower than that of the native

Cerrado soil.
6.3.2.1.So0il C stock

The SCSunder SSB500+NPK treatment w&@.47Mg hd?, significantly higher than
the control and NPK treatmer(Sigure10). This meant a 6.53% increase in SCS compared to
the average of these treatments, reaching the same level as the native Cerrbldweoeér,
applying SSB300, with or without NPK, did not result in significantly higher SCS, despite the

significant increases imC levels.
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Figurel0. Soil C stock in @.2 mlayer. NPK: mineral fertilizerSSB300 and SSB500: sewage
sludge biochar pyrolyzed at 300°C and 500Y@e bar plot represents the meargafwing
seasons. Means followed by a common letter are not significantly different by the-t€éskey
(p < 0.05) Error basrepresent standard errdsr* p O 0. 01 .

Figure 2 illustratesthe temporal dynamics of S showing the differenca SCS
relative to the control over seven seasdiftee SCS undeNPK varied by up tdl.91 Mg h&l,
but it wasunstable ovetime. It decreased, increased, and then decreased again compared to
the control.In contrast,starting from the second seasdhe SSB500+NPKamendment
consistently increased the SG&m 1.09 to 5.43 Mg Ha The only exception was the first
seasonwith an absolute reduction in SCS under SSB500+NR#tably, the other biochar
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treatments, SSB300, SSB500, and SSB300+NPK emtignced the carbon accumulation from
the third season onwards

To elucidatehow the SCS wasffeced by time over seven seasarthe resultsvere
splitinto two overlappingperiods: the first four seasons, when SSB a@gsiedand had more
noticeable effects, and the ldeur seasons, when only tI®SB residualeffect was present
(Figure SB). The figure also shows the S@Bferenceacross the whole study peridebr this,
the net SCS balance for each treatment was calculated as the difference between the SCS at the
end and the beginning of each peridgertheentireexperiment, only SSB500, with or without
NPK, hada positive net SCS balance, 2.87 and 2.13 My hespectivelyFigure SA). During
the first four seasons, all treatments showed positive net SCS balance, ranging from 5.44 to
11.45 Mg hé&l, with the highest value by SSB500+NRRigure $B). This represents an
average increase rate of 2.86 Mg*haear!. However, fom the fourth season onwards, there
was a generalecrease SCS for all treatments, but ma@everdor those with NPKregardless
of SSB presenc@rigure SC). The SCS in plots without NP#ropped by 7.20 toi 7.93 Mg
hd®, while the plots with NPKhowedan even more substantial decling 8f58 toi 10.89 Mg
hdl.

6.3.3.Chemicalpools of soilorganic matter
6.3.3.1.0xidizable and noxidizable organic carbon

The SSB30&dditionincreased thaverageEOOC pool to 23.24 g k& compared to
21.71, 21.99, and 21.92 g'kin the control, NPK, and SSB500 treatments, respect{Fadyire
11A). This increase even surpasgbd EOOC content of native Cerrado séthe EOOCpool
accountedor a substantial portion of the T€@ngingfrom 78.246 to 82.4%across treatments
(Figurel2).
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Figurel2. Average permanganatxidizable carbon (POXCeasily oxidizable organic carbon
minus POXC EOOQ POXC), and notoxidizable carbon (NOC) in soil under different
treatmentsError bars represent standard error.

Similarly, the SSB amendmepbsitivelyaffectedthe NOCpool. Both SSB500+NPK
(6.25 g kgh) and SSB300 (5.72 g kg exhibitedhigher NOC contents than the control (4.72 g
kg'!) and NPK (4.70 g Kg) treatmentgFigure11B). This translated to increases3#.4% and
21.1%, respectively, compared to the contMdtably, he NOC pool accounted for 19.0
21.9% of TC in the SSBBmended soil, which was higher than the con{tt@l9%;Figure12).
Additionally, the meanlevels of NOC in the SSB300, SSB300+NPK, and SSB500+NPK
treatments wereomparabldo native Cerrado soil, while the control and NPK treatments had
lower NOC contents

In contrast to the EOOC and NOC pools, B@XC poolremained elatively stable
acrosgreatments, averang betveen2.10and2.25 g kgt (Figure11C). The only notable effect
was aseasonal variatiorgonsistent withother fractions/poolebservationsOn average,hie
POXC poolranged7.8/8.4% of TC Interestingly, he control and NPK treatments had the
highest EOOE&POXC percentag€74.2 and 74.0%, respectivelyyhile the SSBamended soll
had a lower ratio (7013 3.0%)

6.3.3.2.Humic substances

Analysis of humic substances revealed distinct responses to the different treatments.
FA content remained unchanged acsimisrdother eat |
control or NPK(Figurel3A). The proportion of FA within the total humic substances remained
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consistent across treatments, ranging from 27.4 to 28-f§aré 14). However, compared to
the native Cerrado soil, FA contemas lowerin all treatments.
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Figurel3. Soil fulvic acid (A), humic acid (Bandhumin (C) contents. NPK: mineral fertilizer;
SSB300 and SSB500: sewage sludge biochar pyrolyzed at 300°C and 30@°Gar plot
represents the mean gfrowing seasons. Means followed by a common letter are not
significantly different (ns) by the Tukegst(p < 0.05) Error bas represent standard errép.

O 0.05, **p O 0.01.
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Figurel14. Average percentage of fulvic acid (FA), humic acid (HA), and humin (HU) in soll
under different treatment&rror bars represent standard error.

Conversely, HA content displayed contrasting behaBoth SSB300(4.19 g kg?)
and SSB500+NPK3.93 g kg!) amendmentsignificantly increased HA content compared to
the control(3.41 g kd'; Figure 13B). These increases corresponded to 22.8% and 14.9%,
respectively, resulting in HA values exceeding those of the native Cerrado soil. However, the
proportion of HA within the total humic substances remained relatively constant across
treatments, ranging frot6.8% to 19.0% (Figure 14).

Humin contentwas not affected byreatments(11.0711.72 g kd'), but a slight
upward trend was observed in S&8Biended soils, with an average increase of 5.8% compared
to the control and NPKFigure13C). Despite this tendency, humin content across all treatments
remained comparable to the native Cerrado soil. Notably, the proportion of humin within the
total humic substances again showed minimal variation, ranging fro®58.25.6%(Figure
14).

6.3.4.Physical fractons of soil organic matter

On averageSSB300, SSB300+NPK, and SSB500+N&pplicationincreasedhe soil
PC contento 6.16, 5.76 an®.28 g kd?, respectivelywhichwas significantlyhigher tharthe
control 6.10 g kd*; Figure15A). Thesetreatments had 20.8%, 13.1%, and 23.1% higher PC,
respectivelyPCcompriseda small proportion of soil TC (18.91.7%) while MAC constituted
the largest (78i381.1% Figure 16). Unlike PC, MAC content was not affected b$SB
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treatments Kigure 15B). The PC and MAC contentsn SSB300, SSB300+NPK, and
SSB500+NPKamended soilbad similar valueso those ofthe native Cerrado

(A) - .

(@) ~ o0
1

(9]
!

treatment: F=9.85#*
season: F=24.46+*

Particulate C (g kg™)

N

281 (B) i (
26 A
24 -
22 A
20 1 treatment: F=3.38+**
18 A season: F=54.52+* -
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—@&— NPK  —#— SSB500 —#&— SSB500+NPK
— Native Cerrado

MAC (gkg")

NPK
SSB300

Control
SSB300+NPK

SSB500
SSB500+NPK

Figure 15. Particulate carbon (A) and minewdsociated carboin MAC (B). NPK: mineral
fertilizer; SSB300 and SSB500: sewage sludge biochar pyrolyzed at 300°C and 508 6ar

plot represents the mean gfowing seasons. Means followed by a common letter are not
significantly different (ns) by the Tukegst(p < 0.05) Error basrepresent standard errstp

O 0.01.
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Figure 16. Average percentage of particulate carbon (PC), and miassakiated carbon
(MAC) in soil under different treatmentSrror bars represent standard error.

6.3.5.Thermal stability of soil organic matter

None of theassessellVL or index regardless of whether they were associated with

labile or recalcitrant compoundsas affected by the soil amendmefitable6).
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Table6. Comparison of TGAlerived weight loss (WL) and indices across treatments using

ANOVA
WL or index p-value  Reference | WL orindex p-value  Reference
WL 250350 0.143 [1] WLy 0.379 [9]
WL 400550 0.843 [1, 2] WL 301388 0.254 [10]
WL, 0.594 [1] WL 424448 0.527 [10]
WL 200400 0.169 [2, 3] WLso7570 0.768 [10]
WL 200600 0.838 [3] WL 200350 0.170 [11]
WLy 0.586 [3] WL 350500 0.537 [11]
WL 180600 0.330 [4] WL 180325 0.216 [11]
WL 180410 0.184 [4] WL 325540 0.626 [11]
WL 130180 0.421 [4] WL 295344 0.221 [12]
WL 410600 0.861 [4] WL 414473 0.630 [12]
WL 0.556 [4] WLwv 0.295 [12]
WL 180310 0.267 [5] WL 230330 0.190 [13]
WL 310450 0.334 [5] WL 330430 0.352 [13]
WL 0.506 [5] WL 430530 0.899 [13]
WL 200380 0.155 [6, 7] WL ss0600 0.221 [2]
WL 380475 0.565 [6, 7] WL 338341 0.506 [14]
WL 475650 0.854 [6, 7] WL 439456 0.609 [14]
WL 130280 0.117 [8] WL 539560 0.951 [14]
WL 280520 0.257 [8] WL 200280 0.177 -
WL 295307 0.263 [9] WL 280360 0.163 -
WL 436469 0.670 [9] WL 360550 0.721 -

WLx.y refers toweight lossdifference between the temperature range of X and Y.i€. of references in
Appendix.

Examining of R? valuesbetween TMLanddifferentsoil C pools and fractiorshowed
a maximum value within the temperature range of 360 to 3%it0rel7). Notably, the peaks
for different fractions overlapped surprisingly. However, this trgashotobservedor POXC,
which exhibited a peak at a higher temperature of 430R€refore no clear relatioshipwas
foundbetween TML and the measured labile and recalcitrant soil C pools/fraatioyss the
entire temperature spectrurDespite having a peak at a higher temperature, POXC also
exhibited the lowest maximuiR? (0.32) compared to the other fractiotrscontrast TC had
the highesR? value (0.74), with all other fractions/pools showing loRéralues Notably,no

significant peaks were observed for any of the fractions abov&600
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Figurel?. Coefficient of determination (R?) between TML and the C pools/fractions. Gray band
represents the 95% confidence interval.

6.3.6.Magnetic susceptibilityof biocharramendedsoils

The application of SSB300+NPK vyielded the lowest magnetic susceptibility (118.18
x 108 m3 kg'h), followed closely by SSB50(.18.59x 108 m® kg'?; Figure18). These values
were significantly lower than the control treatmd@R2.04 x 108 m® kg'!). The other
treatments, includin§SB300andSSB500+NPKdisplayed intermediate susceptibility values,
similar to both the control and NPK treatmefpts 0.05)
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Figure 18. Magnetic susceptibility. NPK: mineral fertilize§SB300 and SSB500: sewage
sludge biochar pyrolyzed at 300°C and 500Y@e bar plot represents the meargafwing

seasons. Means followed by a common letter are not significantly (ns) different by the Tukey

(0 <0.05)Errorbasr epr esent standard error. *p O 0.0

The magnetic susceptibility wasot affected bythe growing seasongp > 0.05)
Interestingly, all treatments, including the control and NPK, exhibited lower susceptibility

(189.97x 108 m3 kg'Y) compared to the native Cerrado soil used as a reference.
6.3.7.01°C a ™ U

No significant change was observedibiC betweertreatmentsranging froni 18.43
to119.34 (Figure19A). However, >N showed a distinct response to biochar application,
particularly with SSB500 Figure 19B). Soils amended with SSB50@lone ( 8 . 2 dra)
combined with NPK( 7. 9 @& hi bi t ed s i g¥N values aompaleg to the g h e
control( 6. 6.8 a)
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6.3.8.Crop yield

Across the seven growing seasons, applying SSB, with or without NPK, increased both
grain yield and shoot biomass compared to the control treatmen0(05;Figure 20). This
positive effect was consistent from the second to the gixdwing season. On average, plots
amended with SSB300 and SSB500 achieved annual grain yields of 6.68 and 6.3%,Mg ha
respectively, representing increases of 49.8% and 41.7% compared to the control (4.46 Mg ha
1. Similar trends wer@bserved for shoot biomass, with SSB300 and SSB500 treatments
yielding 4.99 and 5.01 Mg hlaannually, translating to increases of 32.7% and 33.3% over the
control (3.76 Mg h&).
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Figure 20. Grain (A) and shoot biomass (B) yields. NPK: mineral fertiliZ$B300 and
SSB500: sewage sludge biochar pyrolyzed at 300°C and 500% bar plot represents the
mean ofgrowing seasons. Means followed by a common letter are not significantly different
by the Tukeytest(p < 0.05) Error bas represent standard error.

However, even highegrain yields were observed in plots receiving NPK fertilizer
alone or combined with SSBhe average grain yield under NPK alone was 8.63 Mg Wwith
the addition of SSB300 and SSB500 it was 9.58 and 8.82 Mgaspectively. These represent
increases of 93.4%, 114.9%, and 97.8% compared to the control.

Interestingly, theyrainyield of SSBonly treatments (without NPK) exhibited a sharp
decline from the fourth season onwards, diverging from the yield of-féRKzed plots and
eventually returning to control levels by the seventh season. This trend was further reflected in
the cumulative grain yield, whereby SSB300+NPK outperformed both the control (31.88 Mg
hd') and NPK alone (60.66 Mg Hj, reaching 66.35 Mg ha(Figure SIA). This translates to
a 108.11% increase in grain yield compared to the control and a 9.37% advantage over NPK
alone across the entire trial period.

While the cumulative shoot biomass yield in NPK+S&Bended treatments did not
differ significantly from NPK alone (43.69 Mg H it remained significantly higher than all
other treatmentsHgure SIB). Notably, the addition of SSB300 and SSB500 increased the
cumulative shoot biomass by 9.07 and 9.60 Mg, maspectively, compared to the control. This
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positive impact was further amplified in the SSB300+NPK and SSB500+NPK plots, whereby
shoot biomass yield increased by 19.73 and 16.61 Mgbmpared to the control.

6.4.Discussion
6.4.1.Unveiling the effectsof SSBon TC and TN, andsoil carbon stock (SCS)

This severyear fieldstudydemonstratethe effectiveness of SSB as a soil amendment
for enhancing soil C sequestration and overall soil quéalityls amended with SSBeither
aloneor combnedwith mineral fertilizer (NPK), consistently exhibited higher TC and TN
levelsthanthe control and NP¥only treatments.

While SSB was primarilyglesignedo addressutritionalneedqFaria et al., 2018}he
sustainedisein TC observed imostSSB-amended soiléexcept SSB50Ppoints tothe long
term stability and persistence of the C added through SSB and crop regiciezgially
reducingGHG emissionglbrahim et al., 2017)Notably, the TC levels itheseamended soils
matched osurpassethose of the native Cerradaighlightingthe potential of SSB to reverse
soil C lossedrom land-use changes. Bsefindings align with previougesearclemphasizing
the effectivenes®f biocharin promotingsoil C sequestratiofKéatterer et al., 2019; Shi et al.,
2021) Earlier studieswith SSBfound that the TC increased by 4.2886 averagdor each
percent of C applied via SSBlativeto the contro(MierzwaHersztek et al., 2018; You et al.,
2019) However the present study observetbaerincreaseof 0.58% to 2.96%.

The higher TC content in SS&nended soils compared to NBKggestadditional
benefitsbeyond mineral fertilization, particularip enhaning soil C contentFluctuations in
SCS under NPK treatment suggest an inherent lack of stability in the C sequestration potential
of conventionally fertilized fieldsKigure ). This highlights the potential limitations of
relyingsolely on mineral fertilizers for lonterm C sequestration strategies in agricultural soils.

The positive influence of SSB500+NPK on C sequestration highlights the synergistic
effect of combining SSB and mineral fertilization in promoting C accumulation within the soil
overcoming the limitation of SSB in supplying potassium to plgitsigas et al., 2022\)Vhile
biomass yieldvas comparablbetween SSB+NPK and NP&mended soil§Figure 3IB), the
SSBcombination proved more effective in augmenting soil TC and. SGS suggests that
SSB was the primary factor responsible for the observed increase in SCS, rather than the
comparable biomass input

The analysis of C stability indice3gble5) reveals that both SSB exhibited low C

stability across all evaluated indices, which ex@ae relatively modest increase in TC and
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SCS observed in this fieltial. These low stability indices suggest that @an SSB is more
prone to microbial decomposition and less likely to persist in the soil over long periods, leading
to reducedC sequestrationThe high ash content and lower pyrolysis temperatures employed
reducethe potential of SS for soil C sequestratiofMcBeath et al., 2015) Utilizing a
lignocellulosic feedstock with lower ash cont@mta cepyrolysis processould potentially
enhance th&SB performancen increasing thesoil C sequestratiorAdhikari et al.(2024)
reportedfeedstock as the primary factor influencing C structural stability, with |8&8&yzed
at 550 and 700°C exhibiting lower C sequestration potential due to higher O:C ratio, lower
recalcitrance index, higher ash, and lower C confssditionally, Nair et al.(2023)observed
that co-pyrolysis of SSBwith plant materialsincreasedcarbonizationand maximized C
sequestration potentjakquiring maximum temperature pyrolysis for over an hour, contrasting
the 30minute duration useth the present studypotentially limiting carbonization and C
sequestration.

The reductionn the plant biomass yield soil amendedvith biochar alondrom the
fourth growing seasonnwardsprobably occurredlue to the nutritionaimitations of SSB
This led to a decoupling from the TC level of Nfi€ated soils and approached toatrol TC
level. Consequently, the C contribution to the soil became limited, and the SCS remained
relatively constant thereafter compared to the baseline level of the control.

An immediate increase in SCS wadicipatedn the initial two growing seasons due
to C contribution from SSB application. Howevarnet reduction in SCS was observed during
the same periodindicating a positive priming effect, which later transitioned to negative
priming (Figure &). This aligrs with a metaanalysisthat identifiedexperimental time and
biochar C:N ratio as thkey factors influencing the priming effect in biockamended soils
(Ding et al., 2018)

Interestingly, soils receing SSB effectively accumulated C only from the third
growing season onwards. This delayed increase corrob@ratésus observationsf a lag in
the manifestation of biochar's effects on other soil propg@ikagas et al., 2021; Cornelissen
et al.,, 2018) The initial delay in C accumulation may be attributed to the time required for
recovering the degraded area, particularly in correcting soil acidity aestablishing soil
balance Furthermore, the high shoot biomagsld in SSBamended soils likely contributed
indirectly to the observed effects after the third growing season, as the plant residues provided
continuousorganic matter inputs to the soil.

Seasonal variations in TC over multiple growing seasons are corfwuest, 2014;

Yang et al., 2018xand may be linked to changes in climate, collection time, collection depth,
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among other factorfegarding tis, themore pronouncedecline in SCS between the 7th and

4th growing seasons in soils receivibPK (Figure SC) suggests a potential negative
interaction betwee®SBand mineral fertilizer oong-term soil C stability This interaction

may be attributetb the readily available nutrients provided by mineral fertilization ernihgnc

soil microbial biomass, consequently increasing the net mineralizat®@df Moreover, the
necessary change of the corn hybrid sown in the trial could have contributed to the observed
decline in SCS due to differences in shoot biomass yield and subsequent soil C input. The
interplay of these factors, including mineral fertilizatiomcrobial activity, and plant residue
inputs, may have collectively influenced the lelegm soil C dynamics.

These findings havesignificant implications for farmers and policymakers. For
farmers SSBapplication presents an opportunity to increase soil C gpoté&ntiallyimproving
soil health fertility, crop yields and profitability. Additionally, the enhanced soil C
sequestration potential througlocharapplication could enable farmers to genefatedits,
providing an additional revenue stregBalma et al., 2024 oncurrently, policymakers can
promote the use of SSB as a sustainable soil amendmeathtmce soil health and
sequestratiomnd contribute to climate change mitigation efforts and bolster the resilience of
agricultural systemdg-urthermore, develapg C credit markets and incentives for biochar
based soil amendments could encourage their widespread adoption.

The elevated TN content in SSBnended soilsdicatesthe ability of SSB toenrich
soil N reservessurpasig native Cerradtevels.Despite 1260 kg haof N applied as mineral
fertilizer, the exclusive NPK application did not significaht increase TN compared to the
control. Remarkablythe average Thhcreasén SSBamendedsoils (428492 kg h&! N) was
achieved with a lower actual N input from SSB (690 and 990 k§Mdor SSB300 and
SSB500, respectively). This highlights an enhanced-teng Nuse efficiency in SSB
amended soil§Figueiredo et al., 2021)Therefore, SSB psents a viable alternative or
complementary N sourcéo synthetic fertilizers potentially increasing crop yields and
indirectly enhancing soil C stockéghile reducing dependence on mineral fertilizers

The decrease in the C:N ratio in S8Biended soils contrasts previous findings of
increasedC:N ratio following SSB amendmelYou et al., 2019)This discrepancy may be
attributed toSSB characteristics, pyrolysis conditions, soil type environmental factors.
Nevertheless, the observed decrease sugtiegtSSB application may promote a favorable
microbial environment, facilitatingorganic mattebreakdown and mineralization, ultimately

enhancing nutrient availability for plant growtBimultaneouslythe low C:N ratio may also
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explain the lower longerm C sequestration capactySSBcompared to biochars from other
feedstocksvith higher C:N ratios and more recalcitr&hforms.

6.4.2.Effectsof SSB onsoil C pools

Although there was significant increase in SCS, it is important to determine if there
has been a change in the quality of SOM by assessing the soil CMatilple methods of
fractionation and quantification of soil C pools were perforfioedhis purpose

6.4.2.1.Chemicalpools of SOM

The longterm increase in TC after SSB amendmprimptedan analysis of the
changes in different soil C poolhichare relevant indicators of SOM quality and dynamics.
To our knowledge, this is the first lostgrm study to assess the effects of SSB on soil C pools.
Previous studies used biochars from other feedstocks, such ag@iaodetta et al., 2024;
Leal et al., 2019)greenwastéAbbas et al., 2019; Paetsch et al., 20AA)mal manuréJarosz
et al., 2020)and crop residug¥ang et al., 2018)

The chemical characterization of soil C pools revedied SSB application affected
the quality and dynamics of SOM in the long tefithe analysis focused on three distinct pools:
EOOC, POXC, and NOC, which represent different degrees of stability and reactivity of soil
C. The results showed thtte increase of TC content 85B-amended soilshainly occurred
due to the accumulation of NOC. Thiscalcitrant anchontlabile pool (Chan et al., 2001)
accounted for a larger proportion of TC under SSB treatments than under the control and NPK
treatmentgFigure 12), indicating a shift in the soil C stabilization mechanisms. The increase
in NOC was more pronounced under SSB500+NPK and SSB300, which aN@Racbntents
similar to those of native Cerrado soil. This suggests that SSB application restored the soil C
sequestration potential, which was reducedsby degradaon (Figure 8). The NOC pool
consists mainlypf biocharderived C and native blagR, which can residong-termmicrobial
and chemical degradatidiKopecky et al., 2021)The NOC pool can also interact with soil
minerals, especially clay, and form stable orgamioeral complexes, further protex the C
from decompositioriDwivedi et al., 2019)

The EOOC poolyepresentinghe C that can be naturally mineraliz¢delson and
Sommers, 1996)also increasedsignificanty under SSB300, but not SSB500+NPERhis
agrees wittprevious studies thag¢ported a EOOC increase after SSB application in-s@ort
soil incubations of up to 24 montfGonzaga et al., 2020; Jafari Tarf et al., 20Z2e lower
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pyrolysis temperature of SSB300, which resulted in a higher content of volatile materials
(43.90%;Table2), may have contributed to this increakecontrast, ar initial evaluation of

this field trial over two cropping seasorshoweda transientEOOC increaseonly under
SSB300+NPKFigueiredo et al., 20X). In alonger timeframe, the respondeangedSSB300

not SSB300+NPK enhancedEOOC. Therefore, the interaction between SSB and NPK
fertilization influenced the EOOC paodihis was due to the lower C:N ratio in soil from mineral
fertilization (Figure9C), which potentially increased the turnover rate of this C.pool

The POXCpool, which reflects the active and labile pool that is associated with soil
aggregation and nutrient cyclin/Vander, 2004) did not differ significanty between
treatments. Thisuggestshatlong-term POXC levelsely more oncrop inputs and native SOM
than SSB amendments. POXC may dlaotuatewith climatic conditionsand plant growth,
affecing microbial activity and Gluxes (Lehmann et al., 2020; Yang et al., 2018)hce soll
samples were collected after harveststof the POXCfrom SSBmay have beemineralized
early, notdetectedn the analysis. Thiagreewith Figueiredo et ak2019b) whoreportedhat
the same SSB300 used in this study increas@Dgemissions by 60% within 127 days. Our
initial study(Figueiredo et al., 209also observed ROXCincrease under SSB300 in the first
two growing seasons, but this effect did petsistover time. Thisndicatesthat thePOXC
increase under SSB3@ame fromsome labile C fractions from SSB, such as carbohydrates
and aliphatic compoundswhich are susceptible to oxidation by permanga(ateil et al.,
2003) However, tis pool may have beequickly depletedreturningPOXC tocontrolleveks.
While otherfield studiesobserved®OXCincreass with biochar(Wu et al., 2021; Yang et al.,
2018) they used different feedstogkgyrolysis temperaturesand doseshighlighting the
influenceof thesepropertieson C stability and availabilityMoreover, the soil type, climate,
and cropping systemranalsomodulatePOXC byalteringthe soil moisture, temperature, pH,
and microbial communityCulman et al., 2012)

TheEOOQ POXCdifferencereflecsthes o icapéacgyto store and release @hile
higher values in control and NPK treatments might suggest increased C stabilization by SSB, it
is important to note thatigure 12 shows relative values to TC, while both EOOC and NOC
reserves increased in absolute te(figure 11). Therefore, no tradeff between labile and
stable C pools was evident. As POXC remained constant across treatments, th® @X0C
pattern followedhat of EOOC
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6.4.2.1.1Humic substances

The findings show contrasting responses within the humic fraction, warranting further
investigation into the mechanisms and implications for soil C stabilization. HA and FA are the
most active players in soil humic substances, influencing soil structdrerapertieqTan,
2014) While FA exhibited remarkable stability across treatments, mirroring previous findings
(Jarosz et al., 2020; Leal et al., 2019A displayed a significant response to SSB amendments,
particularly SSB300. This aligns with obseiwast in other biochar studigdmoakwah et al.,
2020; Li et al., 2015)

Several factors explain the divergent behavior of HA compared to FA. Firstly, FA's
inherently lower molecular weight and higher susceptibility to microbial degrad&@iramss
et al., 1999)ikely account for its longerm stability regardless of treatment. Secondly, biochar
harbors preexisting HA due to théhermochemical transformation duripgrolysis(Jin et al.,
2018) Additionally, its porous structure afadge surface argarovidea favorable environment
for HA formation but also activelgtimulate and acceleratiee humification proces§Cybulak
et al., 2021)Furthermorerecent studypuggest that compared to FA, HA in the superficial soil
layer demonstrates greatensitivity to organic amendmeniSeng et al., 2024)his may be
because the HA has higher affinity and binding capacity ttmrm stable organmineral
complexewwith clay and metal oxides in the sodmpared tdhe more soluble and mobileA
(Tan, 2014) SSB may enhance the HAineral interactios by providing more HAlike
compounds and increasing soil pldvoring organemineral complexegormation(Lehmann
and Kleber, 2015)protectingHA from degradation and incraag the soil C sequestration
potential. This explains why HA contributes more significantly to changes in SOM than FA in
the current study. Interestingly, while FA quantity remained unaltered, applying organic
amendmentbke SSB can still enhandbearomaticity and molecular weiglof FA to a greater
extent than HAFeng et al., 2024Which contributes to the stability of the Ctime FAfraction

While the total content of humic substances increased withe@@hdments, their
relative proportions within the soil remained stable across treatments. This indicates that SSB
additions primarily influenced the total quantity of humic substances, potentially benefitting
soil quality and crop performan¢Rahim et al., 2024)This aligns with similar observations
by Aydin et al.(2020) who reported no changes in FA and HA proportions under low biochar
application ratesNotably, this stability in proportions does not guarantee maintained quality.
For instance, Gonzét Pérez et a(2004)found cultivated areas (with frequent crop residue

inputs) had less aromatic, potentially less stable humic degpite higher carbon content,
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compared to uncultivated areas. Thighlightsthe importance of examining both quantity and
quality of humic substances for a comprehensive understanding of thetefomgmpacts on
soil health.

Although SSB amendments did not alter humin content, this observation offers
valuable insightsindicating that the SSB hadranimalimpact orhuminformation or stability
This aligns with expectationas humin accounts for more than half of soil C and is resistant to
changeslonger study periods or more sensitive techniques might be necessary to detect subtle
changesFurthermore, theredominancef huminin clay soils(Lima et al., 2010¥uch as the
one used in this studyrable3), suggests that the soll is relatively stable and has a high potential
to storeC. Additionally, therelativdy low pyrolysistemperatures and low fixed contentof

the SSB(Table2) likely limited their potentiacontributionto soil humin.
6.4.2.2.Physical fractios of SOM as affected by SSB amendment

SOM carbon was also fractionated into PC and MAC based on particl¢veize
Lutzow et al., 2007)PC, composed of plant residues, microbial and microfaunal debris,
provides readily available C and nutrients for soil bid@anversely,MAC, protected by
association with soil minerals, contributes to a lergn C storagéChristensen, 2001)

The sensitivity of PC to the soil management reflects the dynamics of fresh organic
inputs and decomposition procesfaso et al., 202Q)While constituting a small proportion of
soil TC, PC plays a crucial role in soil fertility and C sequestrafibe. PC increase in SSB
amended soil can be attributed to several synergistic factors. Firstly, biochar can directly
contributeto the PC fraction by adding organic material to the soil suffleieet al., 2021)its
inherent C content and the formation of remil aggregates around biochar particles physically
protect organic matter from decompositig@un et al., 2023)promoting its accumulation as
PC. Secondly, SSB indirectly stimulates PC accumulation through its positive effects on plant
growth (Chagas et al., 202-9nd microbial activity(Chagas et al., 2022)ncreased plant
biomass, particularly root exudates, provides readily available C for soil microbes, enhancing
their activity and necromass productifftalu et al., 2024) This microbialderived organic
matter further contributes to the PC fraction. Additionally, biochar may adsorb dissolved
organic C from the soil solution, including root exudates, into its porous strbe@ucies
et al., 2018) effectively storing it within the PC fraction for loftgrm. These combined
mechanisms explain the obsetvise in PC content in SS&8mended soils.

Theresilience of MAC to changes in soil management reflects the complex dynamics
of soil C fractiongdLehmann et al., 2020MAC dynamics are primarily controlled by climate
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and sodpropertiegLuo et al., 202Q)both of which are homogeneous along the experimental
field. The inherent high clay content and surface area of the local able@) facilitate strong
physical and chemical interactions with SOM, contributing to MAC formation and stabilization.
Consequently, MAC constitutes a large proportion of soil TC, requiring substantial SSB inputs
or longerterm studies to detect significant dges. This prexisting high MAC content might

have limited the potential for further increases through SSB applic@tiom et al., 202Q)
Additionally, the effect of biochar on MAC is also influenced by various factors, including
feedstock type, pyrolysis temperature, soil properties, and study duration, as demonstrated by
previous researcfGiannetta et al., 2024; Shi et al., 2021)

The similarity in PC and MAC contents between &8Bended soils and the native
Cerrado suggests that SSB application did not alter the natural soil C dynamics. These results
contrast with those déchellekens et a(2023) who found that vegetation composition, water
availability and wildfires are key drivers of soil C fractions in Brazilian Cerrado. Notably, the
comparable PC levels between S&Bended soils and the native Cerrado indicate that SSB
has the potential to séore soil C lost due to laruke change and intensive agricultural
practices. This highlights the promising role of SSB as a sustainable amendment for improving

soil health.

6.4.2.3.Soil carbon pools affectedby SSBaddition: advantages and limitations different

analyticalmethods

Theinvestigation into theffects of SSBamendments on soil C pools and fractions
unveiled an intricate interplay betweenvarious analytical approache$Vhile chemical
characterizatiorindicatedan increase in the stable pool (NOC) under specific treatments
(SSB300 and SSB500+NPK), this trend was mefieded in the nontlabile pools obtained
through humic substances (humin) and physical fractionation (MA®)s apparent
contradiction can likely be attributed to thebstantial differences in the magnitudetfadse
fractions.The labile pools (POXC, FAJid nat respom clearlyto the treatments.

It is important to considethe influence of thehosen fractionation method when
interpreting changes in soil C quality. Shereddal. (2019)reporteda moderate correlation (r
= 0.49) between HA and R@s slowcycling pools,in contrasting US soils. Interestingijne
presentstudy found a stronger correlation (r = 0.64) between these fractions. Additionally,
Sherrocet al.(2019)noteda potential overlap between FA and HA with POXGs important

to acknowledg¢hese methodological limitations to avoid misinterpretations.
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The generally accepted notion that labile soil C fractions are moatfectedby
changes in SC8ulman et al., 2012However, ourresearch indicates th&lOC, which is
theoreticallya stable pool,s the mostsensitivebased on the sensitivity indekigure %).
Although NOC exhibiteda proportional increase in response to the amendments, its absolute
increasemay not have been as substantial. Further investigasiorecessaryo clarify the
reasons behind this observation. T$tstementontradictpreviousstudieshatemphasie the
sensitivity of POXC to management practi¢@eil et al., 2003)

TGA wasusedto evaluatethe SOM continuum, buhe results werenconclusivein
capturingchanges in either labile or stable podPsevious studies have shown contrasting
results with TGA for SSEamended soilsFor instanceCely et al.(2014) found that soil
amended with 8% SSB pyrolyzed at 600&ghibited a thermal behavior similar to the
unamended soil, indicating a similar organic matter compositiorcontrast, Gascét al.
(2012)reportedan increase in the thermostable portdrsoils amended with SSB pyrolyzed
at 500°C and applied at 4% and 8% rates compared to the contrbl@edver, our study did
not show anyesponsgwhich is consistentvith the findings ofTokarski et al(2020) They
attributed the lack of response in recalcitrant pools (HU, NOC) to interference from soil clay
mineralsIn addition the low fixed C content (3.68.47%) of the applied SSB &ble2) limited
the technique's ability to detect small changes. Adhikari €2@24)suggest that SSBiay be
less suitable for substantial C sequestration due to ltheifixed C contentamongother
factors.These pointgollectively suggest that TGA might be less sensitive than other methods

employed in this study for detecting alterations in soil quality.
6.4.3.Magnetic susceptibility

The study results did not demonstrate a significant relationship between soil C
fractions and magnetic susceptibiliiyhe anticipated positive correlation between SOM and
magnetic susceptibility, as suggested by Mul(ib877) was not observed his expectation
was based on the premise that organic matter could enhance magnetic susceptibility by creating
conditions conducive to microbial iron reduction.

The lack of significant changes in soil magnetic properties following SSB application
can be attributed to several factofast, the relatively low application rates of SSB in this
study may have been insufficient to induce measurable changes in soil magnetic susceptibility.
It is possible that higher biochar application rates might be necessary to observe significant

alteratons in soil magnetic properties.
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Second, the inherent homogeneity of the soil type and origin within the experimental
area likely masked any subtle changes induced by the SSB amendments. Uniform soil
characteristics contribute to minimal variations across treatments, making it challémging
detect minor changes when the baseline variability is already low.

Additionally, previous studies on agricultural soils have reported mixed results, with
some finding positivg J ak g2 k et al ., 2r@ dtbers nedativSiqgacgaee t a l
al., 2016)correlations between SOM and magnetic susceptibility. This inconsistency further
suggests that magnetic susceptibility may not be a reliable parameter for predicting changes in
soil properties related to organic matter content.

At a regional scale, variations in soil magnetic susceptibility are influenced by
geology, soil processes, and anthropogenic actiyfiasova et al., 2006)n agricultural fields,
soils irrigated with sewage have been found to have higher magnetic susceptibility compared
to those irrigated with groundwater, yet no strong correlation between SOM and magnetic
susceptibility was found in these studj¥sang et al., 2015)This regional variability highlights
the complexity of factors influencing soil magnetic properties and the challenges in using

magnetic susceptibility asuniversal indicator o6OM changes.
6.4.4.0%C anN 0

The ob $% vawesgreatér thari2 0 Aalign with the historical vegetation of

the area, previously dominated by Cerrado (woody savanna) veg¢€kdidmez et al., 2022)

Sagrilo et al(2015)reported minimal isotopic differences between control and bietchared

soils at low application rates (5 and 10 Mg aThus, the absence of significant changes in

Ut3C values among treatments in this study is consistent with previous research, suggesting that
the appliedSSBamounts were insufficient@ | t e +3C sighagure gignificantly.

Il n cont r' svalues ekhibieed ai more pronounced response to biochar
application, particul ar’Nyscondisterdtwith @&ibus StudiesT hi s
which reported that or ganiN canpeed tbroentmol ad t e n
mineral fertilization(Li et al., 2021; Mani et al., 2021) T HiNeenrithment observed in this
study can be attributed to increased nitrogen availability in SSBb@hded soils, as higher
TN content was recorded in thdseatmentgFigure9B).

The mechani s nNemithmendinvdlvasi several factors. First, the
addition of organic carbon sources, such as biochar, can enhance microbial nitrate
immobilization, which retains nitrogen in the soil. This process can occur without significantly
increasing denitrification o s s e s, thereby promoting Witrog
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values(Wang et al., 2021) T h e MNivajubsanrSSEBE6@mended soils suggest enhanced
microbial activity and nitrogen cycling, which are consistent with the observed increases in TN
content.

Mor eover, ¥NhaueshundgrnSEB500itreatments might indicate a more
substantial contribution of biochderived nitrogen to the soil nitrogen pg¢blgueiredo et al.,
2021) Biochar produced at higher pyrolysis temperatures, such as 500°C, typically has a more
stableC structurg(Wei et al., 2019)which can slow down nitrogenineralization and increase
nitrogen retention over time. This slawlease mechanism could lead to a gradual increase in
s o >N valiles as biochaterived nitrogen becomes a more prominent component of the soil

nitrogen pool.

6.5.Conclusion

This severyear field study demonstrated that the application of SSB enhances SCS
and organic matter fractions. SSfhended soils consistently exhibited higher TC and TN
levels, indicating improved soil fertility and C sequestration potential. The indreeeNOC
pool further contributed to the stabilization of SOM, highlighting SSB's effectiveness in
enhancing soil health and its potential role in sustainable agricultural practices. The positive
effects of SSB on crop yield were evident, with increasegain yield and shoot biomass of
corn. This enhancement was consistent across multiple growing seasons, demonstrating the
agronomic benefits of SSB application. However, the decline in yield from the fourth season
onwards in SSBnly treatments underses the importance of supplementing biochar with
mineral fertilizers to sustain lorgrm yield. These findings have important implications for
sustainable agriculture and climate change mitigation. SSB offers farmers an option to enhance
soil fertility and crop yields while contributing to C sequestration. Policymakers can promote
the use of SSB as a sustainable soil amendment to improve soil health, support waste
management, and achieve climate goals. Future research should focustenrtofigld studes
under various environmental conditions to better understand the dynamics of SSB in different
soil types. Additionally, exploring the potential of-pgrolysis of sewage sludge with other
feedstocks may enhance C stability and further improve the Iseagbtochar application. In
conclusion, SSB application enhances SCS and organic matter fractions, contributing to
improved soil health and sustainability. These findings support the broader adoption of biochar
technology as a viable practice for mitigafi climate change and promoting sustainable
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agricultural development. Continued research and practical implementation are essential to

fully realize the potential of biochar in diverse agricultural systems.
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6.7. Appendix

The poximate analysi®f SSBwas conductedsing simultaneous thermal analyzers
(TGA/DSC) (SDT 2960, TA Instruments, Delaware, USHijtially, the samplewas heated
from room temperature to 140%€a rate 050°C mir* andheldisothermalfor 3 min in a N
atmospheré40 mL mini?) to remove moistureSubsequentlyit was heatedinearly (100°C
min'1, 40 mL mirt! with N2 flow) andheldisothermaly at 950°C for3 min to remo\e volatile
matter The sample wathencooled to450°Cata rate ofi 50°C miri! and the atmosphereas
switchedto synthetic air (80% B 20% Q). A newheating ramp 0£00°C min! was initiated
until the temperature reach880°C which wasmaintainedsothermally for 3 mirto combust
the fixed carborfGarcia et al., 2013 he graphs aréepictedn Figure 4.
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7. COMBINING META -ANALYSIS AND LOCAL ASSESSMENT: AN IN -DEPTH
APPROACH ON BIOCHAR USE TOWARD SOIL CARBON SEQUESTRATION
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Abstract

This study evaluateghe impactof biochar,producedby valorizing wastesewagesludge,on

soil carbon(C) sequestratiomsombininga globalmetaanalysiswith a four-yeartropicalfield
trial. Biochar applicationcan enhancesoil C and mitigate climate change,contributing to
sustainableresourcemanagementThe metaanalysisof 586 paired comparisondrom 169
studiesshowedncreasesn total C (TC) andvarioussoil C fractionspostbiocharapplication.

In contrastthefield trial usingsewagesludgebiocharpyrolyzedat300°C(SSB300)and500°C
(SSB500)showedmodestTC increase$7.7%with SSB3000.7%with SSB500)andminimal
changesn otherC fractions.Importantly,the absoluteTC gainwith SSB300surpassethose
from practicedike no-till farming.These findings highlight the importance of considering local
conditions when implementing biochar strategiggdopting contextspecific approaches can
enhance waste recycling, promote sustainable agriculture, and aid in climate change mitigation

Keywords: biochar, soil carbasequestration, mefnalysis, sewage sludge biochar, tropical
soils

Resumo

Este estudo avalia o impacto do biochar, produzido pela valorizacdo do residuo de lodo de
esgoto, no sequestro de carbono do solo (C), combinando umamaése global com um
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ensaio de campo de quatro anos em uma regiao tropical. A aplicagéo de biochar pode aumentar
o C do solo e atenuar as mudancas climaticas, contribuindo para o gerenciamento sustentavel
dos recursos. A met@nalise de 586 comparacfes pareadas de 169 estodb®u aumentos

no C total TC) e em varias fracdes do C do solo ap6s a aplicacéo do biochar. Por outro lado, o
estudo de campo usando biochar de lodo de esgoto pirolisado a 300°C (SSB300) e 500°C
(SSB500) mostrou aumentos modestos @e(7,7% com SSB3000,7% com SSB500) e
alteragcBes minimas em outras fragcdes de C. E importante ressaltar que o ganho absBluto de T
com SSB300 superou o de praticas como o plantio diEstsas constatacdes destacam a
importancia de considerar as condi¢cdes locais ao implementar estratégias com biochar. A
adocdo de abordagens especificas ao contexto pode aprimorar a reciclagem de residuos,
promovendo a agricultura sustentavel e ajudandoitigagfo das mudancas climéticas

Palavraschave: biochar, sequestro de carbono no solo-amgtlise, biochar de lodo de esgoto,
solos tropicais

7.1.Introduction

Managing soil carbon (C) pools is essential for improving soil health and mitigating
climate changéLal, 2016) Several agricultural practices contribute to increasing soil C pools
and sequestration, including fdl farming (Corbeels et al., 2016¢over croppingPoeplau
and Don, 2015)integrated croflivestockforest systemg@Coser et al., 2018jeforestation with
planted forestg§Silver et al., 200Q)manure applicatio(Gross and Glaser, 2028nd biochar
use(Gross et al., 2021a)

Biochar, a Grich material produced by pyrolysis of organic biomass under low
oxygen conditions, has gained attention for its potential to improve soil C fractions, enhance
soil fertility, and reduce greenhouse gas emiss{@msoakwah et al., 2020; Li et al., 2024)
Biochar can increase labile and stable soil organic C fractions, including total C (TC), easily
oxidizable organic C (EOOC), permanganate oxidizable C (POXC), fulvic acids (FA), humic
acids (HA), and humifJlarosz et al., 2020; Wu et al., 2021yaderstanding how biochar affects
these different C fractions is crucial for optimizing its use in soil C management strategies.

Despite these benefits, the effects of biochar are highly variable, influenced by factors
such as feedstock type, pyrolysis conditions, application rates, soil type, and (Gmaes et
al., 2021b; X. Li et al., 2020)This variability makes it challenging to predict consistent
outcomes of biochar application across different environments, emphasizing the need for
approaches combining global metaalytical insights and localized field data.

Global metaanalyses provide aggregated data on the effects of biochar on soil C pools,
showing general trends like increases in various soil C fradfgdederman and Harpole, 2013;
Chagas et al., 2022; Liu et al., 201Bpr instanceChagaset al. (2022)reported significant

increases in TC, EOOC, microbial biomass C, and FA following biochar applicetevever,
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these analyses often mask significant-sgecific variationsdue to differing environmental
conditions and management practi¢®lsackelford et al., 2021Jhe effects of biochar on other

soil C fractions, such as dissolved organic C, humic acid, and humin, are less predictable,
underscoring the complex interactions between biochar properties and environmental factors
(Chagas et al., 2022)

Subgroup analyses within medaalyses help to refine understanding by isolating
effects under specific conditions, providing more targeted insights for guiding biochar
application in diverse setting8urford et al., 2013)For example, biochar produced from
different feedstocks can have varying impacts on soil C fractions due to differences in their
chemical composition and stabilifyiu et al., 2016)

Local field trials are essential for understanding how biochar affects different soil C
fractions and crop productivity under specific environmental conditions. Field studies have
shown that biochar application can significantly increase stable soil Gofradike humic
substances, while effects on labile fractions may y@mg et al., 2023; S. Li et al., 2020)
field study in Brazil using sewage sludge biochar (SSB) reported increases in stable soil C
fractions, such as nemxidizable organic C, bighowed varied effects on more labile fractions
and overall soil fertility, highlighting the influence of local soil properties and climate. These
findings highlight the importance of localized data to validate or challenge global findings to
ensure that loichar use is both effective and contspecific.

Comparing results from global mesaalyses with local studies is particularly relevant
in countries like Brazil, which have a high potential for biochar use due to their large
agricultural sector and diverse climatic conditigAsias et al., 2023; Lefebvre et al., 2020)
Despite this potential, there are few letegm studies on the effects of biochar in tropical
regions, leading to a knowledge gap about its sustained impact under local conditions.
Moreover, the accelerated expansion of the global Ctaredket(Yang and Luo, 202®ould
benefit from reliable data on the efficacy of biochar, aiding the development of verified C
standards and methodologies, such as those promoted by(2a28 Aligning local field trial
results with global metanalyses can enhance the accuracy of C credit metrics and promote
sustainable agricultural practices.

This comparative analysis is crucial for providing evidebased recommendations
on biochar use, potentially influencing policy and market decisions regarding C credits. By
aligning global evidence with local findings, this study aims to clarify the dondiunder
which biochar is most effective, contributing to the broader goal of enhancing soil health and

mitigating climate change through optimized soil management practices.
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This studyaimedto integrate insights on the effects of biochar on soil C pools from
global and local perspectives. By comparing global raetdyss datawith local field trials
results this research offers a comprehensive analysis of biochar use for soil C management,

supporting more effective and sustainable agricultural practices.

7.2.Material and Methods
7.2.1.Datasources and selection process

The global metanalysis results used in this study were derived from a comprehensive
dataset that included 586 paired comparisons from 169reeewed articles reported in our
previous studyChagas et al., 2022These articles were selected based on stringent criteria,
such as randomized experimental designs, explicit replication numbers, control and treatment
consistency, and clear evaluation of at least one soil C fraction using defined determination
methodsData extraction focused on key variables|uding mean values, standard deviations,
and the number of repetitions for various soil C fractibrietal C (TC), easily oxidizable
organic C (EOOC), permanganate oxidizable C (POXC), fulvic acid (FA), humic acid (HA),
and humin. The data were categed based on key factors such as biochar feedstock, pyrolysis
temperature, application rate, soil C content, experiment type, and duration. A rafidots
model was utilized to calculate the response ratios, expressed-gansigrmed ratios of
meansto quantify effect sizes across studies. Statistical significance was determined using 95%
confidence intervals, and results were expressed as percent changes to evaluate the
effectiveness of biochar in enhancing soil C pools globally.

The local field trial data were collected from an experiment conducted at Fazenda
Agua Limpa (FAL/UnB), BrasilieDF, Brazil, over seven growing seasons (22021). This
field trial specifically examined the effects of SSB produced at two pyrolysis tetgs,a
300°C (SSB300) and 500°C (SSB500). Treatments included dertdized control (no
biochar, no mineral fertilization), SSB300 and SSB500 applications, with four repetitions.
Biochars were applied at a rate of 15 t'hduring the initial two growig seasons and
incorporated into the soil's top 0.2 m layer. The study focused on the first four seasons (2015
2018) to capture the direct effects of biochar amendments, as previous research indicates that
the impact of biochar on soil properties often Mesis one to two years pespplication
(Chagas et al., 2021a)he same soil C fractions assessed in the global-aneigsis were
measured in this local study to ensure consistency and comparability between the datasets. Soil

samples were collected frothe top 20 cm at postarvest. TC was determined using a CHN
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elemental analyzer (Eurovector EA3000, Milan, Italy) at 980°C. EOOC was measured by wet
oxidation with potassium dichromate without external heating (Walkley and Black, 1934), and

POXC by oxidation with potassium permanganate (Blair et al., 1995). Soit lmuinstances

were fractionated into FA, HA, and humin based on solubility differences in acidic and alkaline

media (Swift, 1996), adapted from Benites and Machado (2003). The C content of these

fractions was quantified by oxidation with potassium permaaiga
7.2.2.Analytical approaches for data integratioand comparison

The soil C fractions common to both studies (TC, EOOC, POXC, FA, HA, and humin)
were identified and analyzed integrate and compare the global ratalysis with the local
field trial data. However, subgroup analyses were only performed for TC and EOOC due to the
availability of sufficient data in the metmalysis. For the other soil C fractions (POXC, FA,

HA, and humin) only overall effect sizes were calculated because the dataset did not support a
more detailed subgroup analysis. The comparison focaeethe overall effect sizes and
specific subgroups matcty the local field trial conditions. This methodology aligns with the
concept of dynamic scoping as outlined by Shackelford €GR21), where subsets of the global
dataset are filtered to match local conditions, thereby enhancing the relevance and applicability
of the findings. This approach allows for a detailed examination of the effects of biochar on soil
C pools observed glodglcompared to those found locally.

The local data were transformed into percent changes relative to the control treatment,
based on mean values across the first four growing seasons, facilitating a direct comparison
with the global dataset. The analysis involved calculating the mean, istaanda of the mean
(SEM), 95% confidence intervals (Cl), and percent change relative to the control for each soil

fraction. The 95% CI for each treatment was calculated using eq@ton
#)wu3%'©n8ﬁoﬁgu (6)

wheret o . o 7 4s thearitical value fromthed i st ri buti on for a 95% cc
degrees of freedom. The percent chafige) relative to the control was determined using
equation(7).

- Absbasoi aibekt 1 000 (7)
- A&t o0 P
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To estimate the variability of the Pthe confidence interval for the percent change

(Clpc) was calculated usingquation(8).

#
#)e TRAT e ©

The confidence intervals were also used to statistically compare the effect sizes
between the field trial and the metnalysis. If the confidence intervals of the percent change
from the field trial and the me&nalysis overlappeao significant differencevassuggested.
This statistical approach provided a standardized method for quantifying differences between
the global and local datasets, enabling a comprehensive understanding of the effects of biochar
on soil carbon sequestration in various contekite statistical analyses were conducted using

Python with appropriate statistical libraries (Python Software Foundation,.2024)

7.3.Results and Discussion
7.3.1.A comparison of local field trial and global metanalysis parameters

The parameters of the local field trial were categorized according to the global meta
analysis framework to ensure comparability, revealing several key differéradale 7). The
local study utilized SSB produced at a lower pyrolysis temperature (300°C), with low C content.
The biochar was applied to fitextured soil with a high initial soil C content in a tropical
region. These characteristics were underrepresented in te@nadysis, with fewer than one
third of the global studies investigating similar conditions. This discrepancy underscores the
variability in biochar types and environmental conditions studied globally, which can affect the

overall trends.
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Table7. Comparison of local field trial parameters with matelysis classifications and study
distribution

Parameter Field trial value Metaanalysis % of studiesin
classification metaanalysis
Raw material Sewage sludge Sewage sludge 11%
Pyrolysis temperature (°C 300 Low 14%
500 Medium 76%
Biochar C content (%)  23.4 (SSB300) O 35% 14%
19.0 (SSB500) O 35% 14%
Biochar rate (%) 0.75 Low 56%
Soil texture Silty clay Fine 23%
Soil pH 4.9 Acid 54%
Soil C content (%) 2.64 High 26%
Climate zone - Tropical 12%
Experiment type - Field trial 54%
Experiment duration 7 years > 2 years 31%

The low representation of SIB the metaanalysis dataset, comprising only 11% of
the studies, reveals a significant gap in research. Despite its limited coverage, SSB remains a
valuable input in sustainable agriculture, offering improvements in soil feifilipn et al.,
2019) C sequestratiof¥in et al., 2021)and reductions in greenhouse gas emisgibnshim
et al., 2017)Its distinct properties, including pathogen reduction, nutrient provision, and heavy
metal stabilization, position it as a promising alternative to taaditiwaste disposal methods,
especially in tropical region€hagas et al., 2021a, 2021G)ven the potential environmental
and agricultural benefits of SSB, further research is necessary, particularly in underrepresented
tropical environments, to optimize its use across different agroecological cq@batbani et
al., 2022)

Tropical regions, which accounted for only 12% of the studies in the global meta
analysis, are particularly underrepreserftgdure21). This is significant because tropical soils
and climates, characterized by rapid organic matter turnover and unique microbial dynamics
(Rasche and Cadisch, 201iBfluence biochar's interaction with soil differently from temperate
regions. These conditions present distinctive challenges and opportunities for C sequestration.
Given that tropical regions occupy 40% of the Earth's surface and face substantiauagiricul
constraints, biochar particularly SSB' could play a crucial role as a tool for C sequestration
and soil enhancement. However, more extensive field trials anedomgstudies are required

to assess the potential impattSSB in these regions.
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Figure21. Global metaanalysis and local field trial sites for assessing soil carbon changes due
to biochar amendment

7.3.2.Comparative andysis for total carbon (TC)

Considerable differences in the TC values emerged between the globanaktss
and the local field trial. The metnalysis revealed a significant positive impact of biochar on
TC across various contexts, with percent increases ranging from 28.9%8% (64gure22).
However, the local trial with SSB showed more modest gains, with TC increasing by 7.7% for
SSB300 and only 0.7% for SSB500. Although the TC increase for SSB500 was not statistically
significant, as its confidence interval overlapped zero, there was nficsighdifference in
percent change between SSB300 and SSB500. This discrepancy highlights the importance of
considering local soil and environmental conditions when interpreting global data, especially
in tropical soils. The temporal dynamics of TC otrer four years in the local trial are presented

in Figure $a.
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Figure22. Percent change soil total carbor(C) from global metaanalysis and local field trial
and proportion o65SBstudiesfor specificconditions SIB: sewage sludge biochar pyrolyzed
under 300°C (SSB300) and 500°C (SSB500)

Several factors contribute tbe observedlifferences. First, SSB and soils with high
initial C content are underrepresented in global datasets, as mentioned in &&cliorhese
conditions reduced the overall effect size in TC increases. Field trials and studies using low
biochar application rates are prevalent in the global dataset, accounting for over 50% of the
caseqTable7). However, among studies specifically using SSB, the proportion of field trials
drops to 14.3%, and only 42.4% of studies employed low SSB applicatior(Fajese 22).

This suggests that the global matsalyses for SSB are predominantly based on controlled
environments and higher application rates, which may overstate the TC increases compared to
what is achievable under field conditions with lower application ratessétmently, the global
metaanalyses may not accurately reflect the performance of SSB under practical field
conditions, potentially biasing the overall TC change.

High initial soil C content likely constrained the observed percent increases in the local
trial. Soils with higher baseline C levels require more substantial C input to register noticeable
percent changefPaustian et al., 2019Additionally, field trials tend to present lower TC
increases due to the complexityimsitu conditions. Unlike controlled laboratory experiments,
field trials expose biochar to various dynamic environmental disturbances, such as tillage,
fluctuating temperature, water availalyi] redox cycles, and biotic activiti€¥i et al., 2020)

These factors contribute to reduced effect sizes in field settings, as biochar particles experience
greater physical and chemical stress, limiting their stability and C sequestration potential over
time.

According to the metanalysis, the biochar application rate is the primary factor
influencing TC increase@Chagas et al., 2022)vith higher TC increases observed at higher
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biochar rates. The mean application rate in the 1ae#dysis studies assessing TC was 2.90%,
which is almost three times higher than the 0.75% used in the local trial. This difference in
biochar application rates likely contributes to the discrepancyeestglobal and local results.

SSB, patrticularly when pyrolyzed at low to medium temperatures, is known for its
nutrient supply capacit§Goldan et al., 2022However, SSB typically has a lower C content
and stability compared to other biochars, limiting its loeign C sequestration potential. This
is attributed to its higher O/C ratios, lower recalcitrance indices, and higher ash content
(Adhikari et al., 2024; McBeath et al., 2015)hese factors reduce its effectiveness in
maintaining soil C stocks over time, as observed in thé tetd trial.

Notably, the metanalysis included no SSB results lasting more than two years, and
only 5.7% of SSB results were obtained in tropical regions. Optimizing pyrolysis conditions to
produce more recalcitrant biochar is crucial to enhance the C sequestoatiotigh of SSB in
the tropics. Cepyrolysis of SSB with plant materials has shown a potential to increase the C
content and improve stabilifiNair et al., 2023)Co-pyrolysis with organic additives has been
shown to reduce the H/C, N/C, and O/C ratibereéby improving longerm SSB stabilitfYin
et al., 2021)

Despite the lower percent increases observed in the local trial, the absolute increases
in TC were substantial when compared to other agricultural management practices. Over the 4
year period, the average increases in TC corresponded to 4.19 Niyf@r IS5B300 and 0.40
Mg C hal for SSB500. For instance, after 31 years of cultivation, reductions in C emissions
under netill corresponded to a linear rate of 0.35 Mg Cthear! compared to conventional
tillage (Ferreira et al., 2016xmounting to an increase of 1.4 Mg Clwver 4 years. Similarly,
metaanalyses report positive effects of cover crops on SOC stocks with average SOC accrual
rates of 0.210.56 Mg C h& yeat?! (Qin et al., 2023)corresponding to an increase of (.84
2.24 Mg C h& over 4 years. Thus, the absoluterease in TC with SSB300 surpasses those
achieved with ndill and cover crop adoption over a similar period. However, direct
comparisons should be made cautiously due to differences in study durations and conditions.

Although the percent increase in TC with SSB300 (7.7%) was lower than the global
average for biochar (64.3%), it is comparable to the percent increases observed for other widely
recognized soil management practices that contribute to C sequestratiomatd change
mitigation, such as no/reduced tillage (5.0%) and cover crops (1{B&##puin et al., 2023)

This indicates that, in absolute terms, the application of SSB can be an effective strategy for
increasing soil C stocks, even if the percent iases appear modest compared to global

averages for biochar.
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It is worth noting that biochar was only applied in the first two growing seasons of the
local trial, yet the cumulative increase in TC over four years was subs(&igiale $a). While
the intention is not to propose replacing established practices l#i# fasming or cover
cropping with biochar application, these findings suggest that combined technologies could
contribute synergistically to increasing soil C stocks. Howduether longterm field studies
are needed to confirm this hypothesis and to understand the interactions between biochar
application and other soil management practices.

By adjusting biochar production and application strategies to match local
environmental conditions, stakeholders can ensure that biochar projects contribute
meaningfully to C sequestration efforts, particularly in regions like Brazil, where tropical soils
present unique challenges and opportunities for C management. Contextualized biochar use can
also support C credit markets, allowing for more accurate accounting of verifiable climate

benefits
7.3.3.Comparative analysis for easily oxidizable organic carbon (EOOC)

The global metanalysis indicated a significant positive effect of biochar application
on EOOC, with an overall percent increase of 84(Bt¥gure23). Notably, SSB exhibited an
even larger effect, showing a percent increase of 242.3%. In contrast, the local field trial
demonstrated a modest increase in EOOC for SSB300 (4.7%) andsgnibicant decrease
for SSB50011.8%). No significant difference wadserved between the SSB300 and SSB500
treatments, suggesting that pyrolysis temperature may not substantially impact EOOC under
the conditions of the local field trial. The temporal dynamics of EOOC in the field trial is

presented ifrigure $b.
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Figure 23. Percent change in soil easily oxidizable organic carbon (C) from globat meta
analysis and local field trial and proportion of SSB studies for specific conditions. SSB: sewage
sludge biochar pyrolyzed under 300°C (SSB300) and 500°C (SSB500)

The pronounced discrepancy between the global-aredysis and the local field trial
suggests that the large positive effects of SSB on EOOC observed globally may be
overestimated due to the predominance of laboratory studies in thenadyais datasethe
metaanalysis primarily comprises laboratory studies, with only 11.8% of SSB studies
conducted under field conditions and an equal proportion on soils with high initial C content
(Figure 23). Although a higher proportion of SSB studies used low biochar application rates,
this still represents less than eihdrd of the studies. This confirms the scarcity of SSB studies
assessing not only TC but also EOOC under field conditions. Moreover, aoneg&pts longer
than two years were included in the SSB nagtalysis dataset, highlighting a gap in ldegm
field studies on the effects of SSB biochars on EOOC.

Underrepresentation of specific conditions or subgroups in-aretlyses can bias
effect size estimates and limit the generalizability of the findifikjag et al., 2022). The
positive effects of SSB biochar on EOOC observed in laboratory settings may not directly
translate to field conditions, especially in tropical solils.

Soil microbial dynamics influenced by biochar additions can also affect EOOC levels.
Biochar can alter soil microbial community composition and activity, impacting the
decomposition of organic matter and the turnover of labile C fractiding et al., 2023)The
specific microbial environment in the local trial's tropical soil may differ from those in
temperate soilfNgaba et al., 2024ommonly studied in the metmalysis, leading to varying
effects on EOOC.

From an agronomic perspective, the lack of a significant increase in EOOC in the local

trial suggests that the immediate benefits of biochar application on soil fertility through
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increases in EOOC could be contegpendent. EOOC is crucial for nutrient cycling and
availability, directly influencing plant growth and yie{tal, 2020) These results affect soll
organic matter dynamics, indicating that biochar may contribute more to stable C pools than
labile ones in higiC tropical soils. This shift can influence the turnover rates of soil organic
matter, potentially affecting longerm soil fertility and C sequestration stratedi€szyakov et

al., 2014)

7.3.4.Comparative analysis for othesoil carbon fractions

The effects of biochar on specific soil C fractions differed in terms of significance
between the global metmnalysis and the local field trigFigure 24), emphasizing the
importance of biochar properties and specific conditions in soil C dynamics

Figure24. Percent change in soil permangaratilizable carbon (POXC), fulvic acid, humic
acid, and humin from global megaalysis and local field trial. SSB300 aB8B500: sewage
sludge biochar pyrolyzed under 300°C and 500°C, respectively

The global metanalysis indicated significant increases in labile C pools, with a 22.9%
increase in POXC and a 42.1% increase in FA following biochar application. These fractions
are crucial for microbial activity and nutrient cycling, serving as indisadb soil health and

fertility (Bongiorno et al., 2019; Zhang et al., 2020) contrast, the local field trial showed
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